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 ABSTRACT Advances in the genetics of poultry have created unintended consequences to the 
broiler breeder industry. Excessive weight has been shown to have many negative effects, 
including double hierarchies, multiple ovulations, and fatty liver. In an effort to curb excessive 
body weight gain, both the protein requirements and feeding strategies of broiler breeders are 
being revisited. A series of studies were conducted to determine the protein and amino acid 
requirements of broiler breeders during the production phase and to determine the 
interrelationship between protein turnover and egg formation. In the first trial, a 2x3x3 factorial 
study was conducted to determine the optimal energy x crude protein x pullet body weight 
combination to maximize egg production, fertility, and offspring weight. Results showed that 
390 kcal and 22g CP were sufficient to optimize broiler breeder productivity. Protein utilization 
and nitrogen retention were most efficient at 22g CP intake. In the second trial, a 2x3 factorial 
study was conducted to determine how energy and crude protein impacts the partitioning of 
lysine during the egg formation process. Over 78% of dietary lysine was diverted towards egg 
formation, with the remaining being partitioned towards egg formation. However, the lysine in 
the egg was not solely of dietary origin. During early lay and at 45 wk, a majority of the lysine 
found in the egg yolk was from endogenous origins. Albumen was found to consist of primarily 
dietary lysine. No effect of energy and crude protein on portioning was determined. In the third 
trial, a 2x3 factorial study was conducted to determine the effects of energy and crude protein on 
protein turnover and the expression of proteolysis-related genes. Fractional degradation rates 
were found to increase during early lay and at 45 wk, but not at peak production. Expression of 
Fbox 32 protein, an indicator of ubiquination, was found to be elevated at the same periods 
degradation rates were found to be elevated. No changes to the proteasome and calpain 2 were 
observed that would explain changes to degradation rates. In the final two studies, the effects of 
 low non-phytate phosphorus (NPP) on the diurnal patterns of bone turnover and the effects of 
carnitine supplementation on the fatty acid profiles of a hen and her eggs. Lowering NPP to 
0.15% was found to diminish the amount of bone that is mobilized in an attempt to spare the 
skeletal integrity. Egg production is nonetheless reduced when NPP lowered to 0.15%. Finally, 
carnitine supplementation was found to increase the concentration of saturated and 
monounsaturated fatty acids in the egg and decrease the amount of polyunsaturated fatty acids in 
breeder abdominal fat. 
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BASICS OF PROTEIN BIOCHEMISTRY 
 The two most critical nutrients beside water are energy and protein. Protein and its 
constituent amino acids are the building blocks for all tissues and critical in several metabolic 
pathways. They function as neurotransmitters, antioxidants and shuttlers in intermediary 
metabolism. Protein may also serve as an energy source. Nutritionists do not solely consider 
crude protein requirements for dietary formulations, as amino acid requirements are primarily 
considered. The needs of amino acids for a specific function plus the rates of endogenous loss 
and utilization determine amino acid requirements. In growing birds, the amino acid 
requirements are largely dependent on protein synthesis and muscle accretion. In egg-laying 
birds, requirements are dependent on protein synthesis for egg formation with requirements for 
accretion being minimal.  
 Proteins can be classified as two types: globular or fibrous. Globular proteins include 
albumins, prolamines, and histones, among others. Fibrous proteins include collagens, elastins, 
and keratins. Proteins can also be conjugated to other groups such as in the lipoproteins, 
glycoproteins, mucoproteins and nucleoproteins. Amino acids that can be readily synthesized 
from precursors are described as non-essential, whereas those that can only be obtained via the 
diet are termed essential. In the chicken, ten amino acids are considered essential (Table 1), 
although depending on the stage of life this number may be higher. During periods of rapid 
growth, the rate at which an amino acid precursor cannot keep up with the rate at which it is 
being utilized. For example, glycine and serine become essential during growth or during periods 
of high protein intake. Glycine is critical to uric acid synthesis. The glycine and serine pair is 
also example of an amino acid that can be synthesized from its essential precursor. These pairs 
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include: methionine and cysteine, and phenylalanine and tyrosine. Cysteine can be derived from 
methionine, and tyrosine from phenylalanine.  
 Since amino acids have both a basic and an acidic group, they are amphoteric and in 
solution are termed zwitterions. Each amino acid has a specific pH in which their amino group 
balances their carboxyl group out. This pH is considered the isolectric point for that amino acid. 
Amino acids make for excellent buffers because they can be both weak acids and weak bases. 
This characteristic is crucial to its ability to chelate minerals such as calcium. Amino acids also 
serve a role in maintaining intracellular osmotic potential. 
 The carbon skeletons of amino acids synthesized by the chickens arises from the 
intermediates of carbohydrate metabolism (Figure 1). Serine and glycine are derived from 3-
phosphoglyceric acid and alanine is derived from pyruvic acid. Further, oxaloacetate and α-
ketoglutarate give rise to aspartic acid and glutamic acid, respectively. Finally, glutamic acid can 
act as a precursor of proline and hydroxyproline. Some amino acids can be metabolized into 
glucose precursors and are termed glucogenic amino acids. Others, though, cannot be converted 
to glucose and, instead, are converted into ketone bodies and are termed ketogenic. Some are 
both glucogenic and ketogenic. The glucogenic amino acids are: alanine, serine, glycine, 
threonine, tryptophan, arginine, proline, histidine, glutamic acid, methionine, isoleucine, valine, 
phenylalanine, tyrosine, and aspartic acid. The ketogenic and ketogenic/glucogenic amino acids 
are: tryptophan, leucine, phenylalanine, tyrosine, and lysine.     
 Birds excrete their waste nitrogen as uric acid: a purine that is synthesized in the liver and 
by the kidney (Figure 2). Transamination or the glutamine synthetase reactions divert amino 
nitrogen to uric acid. The glutamine synthesized by this reaction freely diffuses into the cytosol, 
where uric acid is synthesized. Mitochondrial glutamine synthetase detoxifies ammonia arising 
  4 
from amino acid catabolism. The regulatory enzyme, amidophosphoribosyltransferase, mediates 
uric acid production. Its production changes directly with the dietary protein level. Uric acid 
synthesis results in greater requirements for arginine, methionine, and glycine relative to 
mammals. Birds require high amounts of arginine because it is not synthesized due to the lack of 
a urea cycle. One mole of glycine is consumed in the synthesis of each mole of uric acid. The 
metabolic demand for glycine is great and cannot always be met by endogenous synthesis. 
Formyltetrahydrofolate donates methyl groups for the synthesis of uric acid and these methyl 
groups can originate from methionine. The consumption of glycine and methionine during uric 
acid synthesis causes the requirement for these two amino acids to increase directly with dietary 
protein. Although uric acid is the most prevalent nitrogenous excretory product, ammonia 
excretion is relatively high in birds (Stewart et al., 1968, McNabb et al., 1980). Chickens fed on 
high-protein diets excrete about 25% of their nitrogen as ammonia and this proportion decreases 
with the dietary protein level.  
 Because birds lack a functioning urea cycle, arginine is not synthesized and it is therefore 
an essential amino acid. Most of the enzymes required for arginine synthesis are missing in the 
kidney and liver. The essential enzyme in arginine degradation is arginase: an enzyme found in 
the kidney mitochondria. Increased dietary lysine has been found to increase arginase levels and 
leads to increased arginine degradation. This effect along with the lysine’s ability to compete 
with arginine for absorption sites is responsible for the observed lysine-arginine antagonism. 
High levels of dietary lysine increase the requirements for arginine.  
 
Transcription and translation 
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  Deoxyribonucleic acid (DNA) carries the genetic information that codes for the synthesis 
of protein (Figure 3). During a process called translation, the information encoded in DNA is 
converted via a series of enzymatic steps into an RNA strand that is complementary to that of 
DNA. The actual process of protein synthesis is mediated by ribonucleic acid (RNA) that is 
formed in the cytoplasm of the cell. The process of protein synthesis from an RNA template is 
termed translation. There are three different types of RNA: ribosomal RNA (rRNA), transfer 
RNA (tRNA), and messenger RNA (mRNA). Ribosomal RNA is an integral part of the ribosome 
structure: which is the machinery of protein synthesis. Transfer RNA, on the other hand, attach 
to amino acids to form aminoacyl-tRNAs. These amino acids are then brought to the ribosome 
where they are utilized to synthesize a peptide based on an mRNA template. Therefore, 
messenger RNA determines the order in which amino acids are linked to form a protein. 
Translation is initiated by an initiation codon, a three base sequence that codes for the start of 
translation. At its culmination, there is a termination codon that codes for the end of the 
translation process.    
 
Protein digestion and absorption 
 After ingestion of a meal, the initial degradation of protein occurs in the proventriculus 
by secretion of hydrochloric acid. Further, secretion of pancreatic enzyme precursors, such as 
pepsinogen, continues the degradation process as feed makes its way through the proventriculus 
and the gizzard. Hydrochloric acid causes an autolytic conversion of pepsinogen to pepsin. 
Pepsin is known to cleave several peptide linkages. The main sites of action are between leucine 
and valine, tyrosine, or between the aromatic acids. When partially digested chyme has made its 
way to the small intestine, the secretion of the hormone gastrin stimulates the further secretion of 
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hydrochloric acid. Further breakdown in the small intestine occurs through the action of trypsin, 
chymotrypsin, and elastase. Trypsin catalyzes the breakdown of bonds between lysine and/or 
arginine and is also released as a zymogen (enzyme precursor). Bonds between aromatic amino 
acids are susceptible to chymotrypsin activity. Elastase is rather non-specific in its cleavage. The 
pancreas also secretes the exopeptidases, carboxypeptidase A and B. Exopeptidases catalyze the 
hydrolysis of the terminal bonds in a polypeptide chain. Several other enzymes such as 
collagenases, polynucleotidase, and erepsin also function to break down proteins and nucleotides 
into small peptides and free amino acids. Hydrolysis of small peptides occurs in the mucosa 
rather than the lumen of the gut. The presence of peptidases in the desquamated mucosal cells 
account for much of the hydrolysis of peptides. However, it has been reported that a significant 
amount of the amino acids transported across along the gut wall occurs as small peptides rather 
than amino acids. It was found that absorption of amino acids in a protein free diet with only 
crystalline amino acids was less efficient than in diets containing peptides. Transport of peptides 
occurs by Na+-dependent active transport and by antiporters (Figure 4). There are differences in 
the transport of peptides along the lumenal membrane and the basolateral membrane. 
Transporters along the basolateral membrane are of the ant porter type, where peptides are 
exchanged. It is believed this plays a crucial role in maintaining both intracellular gradients and 
to maintain plasma levels of peptides and amino acids. There are separate transport mechanisms 
for free amino acids. One system is specific for monoamino-monocarboxylic or neutral amino 
acids, another for arginine, lysine, and other basic amino acids, and a third transport system for 
the dicarboxylic or acidic amino acids. Each system consists of several transporters. The 
complexities of amino acid absorption cannot be understated. Peptide uptake is most rapid in the 
jejunum, whereas amino acid uptake is most rapid in the ileum. Entering the portal blood, amino 
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acids make their way to the liver where they are metabolized. Branched chain amino acids are 
unique in that they bypass the liver and are transported to muscle cells where they are 
metabolized. 
 
Protein Turnover 
Protein turnover is best defined as the continual synthesis and degradation of protein. When the 
rate of protein synthesis exceeds the rate of protein degradation, protein accretion occurs. Several 
processes account for the degradation of protein. Skeletal muscle consists of three classes. 
Myofibrillar proteins are the major class, as they make up 55-60% of total protein. These consist 
of mainly actin and myosin. They are the contractile structure of skeletal muscle. Myofibrillar 
proteins must be disassembled from the myofibril before they can be degraded. Sarcoplasmic 
proteins comprise between 30-35% of total protein. They include the glycolytic enzymes. Both 
of these are located entirely intracellularly. Proteolytic enzymes in the cytosol, such as the 
calpains and the proteasomal proteases, have an important role in degrading many proteins. The 
calpain system consists of fourteen different calpains plus their specific inhibitor, calpastatin. 
Skeletal muscle contains large quantities of 2 calpains: a micromolar Ca2+ dependant protease 
(µ-calpain) and a millimolar Ca2+ dependant protease (m-calpain). These two calpains plus 
calpastatin are believed to be intimately involved in myofibrillar protein turnover. The role of 
calpains is to release actin and myosin filaments from myofibrils, specifically easily releasable 
myofilaments (ERM). They do not degrade polypeptides into amino acids. The calpain system 
has also been associated with muscle wasting in muscular dystrophies. For example, elevated 
intracellular Ca2+ concentrations are observed in muscular dystrophy (Alderton and Steinhardt, 
2000). Furthermore, the structural changes that occur to myofibrils during muscle atrophy are 
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also seen with the addition of µ-calpain or m-calpain (Goll et al., 1991, 1992; Dayton et al., 
1975, 1976b). It was shown that over-expression of a full-length human calpastatin gene in mice 
reduced muscle loss (Tidball and Spencer, 2002). Since calpastatin is specific for the calpains, 
the calpain system must be involved in muscle degradation. Calpain-3, identified in skeletal 
muscle, appears to act as a signaling protease (Sorimachi et al., 1989). Since the calpains cannot 
degrade a protein to amino acids, so another mechanism must exist to do so. The proteasome is a 
large ATP-driven multisubunit protease complex (Figure 5). The 26S proteasome, consisting of a 
20S catalytic unit and a 19S regulatory unit, digests ubiquinated proteins. The proteolytic active 
sites are sequestered within the interior of the 20S core particle, namely the β subunits. There are 
three types of active sites in the β subunits, each with a different specificity, but all employ an N-
terminal threonine. This makes them different from other proteolytic enzymes, namely: Cys, Ser, 
Asp proteases, and metalloproteinases. The hydroxyl group of the threonine residue is converted 
into a nucleophile that attacks the carbonyl groups of peptide binds to form acyl-enzyme 
intermediates. The 19S subunit is responsible for substrate recognition and polypeptide 
unfolding. Substrates are degraded in a progressive manner without the release of degradation 
intermediates, until the substrate is reduced to peptides ranging in length from three to twenty-
three residues, but averaging in eight residues. As many as 300 to 400 molecules of ATP may be 
required to degrade a protein by the proteasome. A series of steps occur that result in the 
ubiquitination of a protein. Three enzymes (E1, E2, and E3) coordinate to pass along an ubiquitin 
molecule that is ultimately transferred onto a protein by an E2-E3-protein complex. At least four 
ubiquitin molecules must be present on a protein before it can be recognized by the proteasome 
(Thrower et al., 2000). An isopeptidase cleaves off intact ubiquitin molecules. Other cellular 
proteases further degrade peptides to yield individual amino acids. Stroma proteins make up the 
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remaining 10-15% of total protein. Collagen and extracellular matrix proteins typify these. 
Extracellular proteins and proteins that are part of organelles or membranes are internalized and 
degraded in lysosomes by lysosomal proteases, such as the cathepsins. These proteases are most 
active in an acidic pH (3.5-6.5). Myofibrils are too large to be engulfed and degraded by the 
lysosome. Muscle cells also contain cystatin: a potent inhibitor of Cys proteases such as 
cathepsin B and L. The lysosome is also particularly active during pathological states, such as 
starvation or remodeling following injury. The caspase system is responsible for protein 
degradation during apoptosis. Along with the calpains and some of the cathepsins, caspases are 
Cys proteases. Caspases have been shown to have some ability to degrade actin (Du et al, 2004, 
2005). Since the caspases are associated with apoptosis, the activity of caspases in normal 
muscle cells would be limited.  
 Protein degradation is often calculated as the difference between the accretion rate and 
the fractional synthesis rate. A method for the direct measurement of protein degradation 
typically involves measurement of 3-methylhistidine. It is a component of actin and myosin and 
degradation releases 3-methylhistidine. It is neither reutilized for protein synthesis nor 
metabolized and is, therefore, subsequently excreted in the urine.    
 
Egg production 
 The egg is approximately 12% crude protein, of which 55% is found in the albumen and 
42% is in the yolk. The predominant protein found in the albumen is ovalbumen. The remainder 
is found in the eggshell matrix. The oviduct can be subdivided into five parts: infundibulum, 
magnum, isthmus, uterus, and vagina (Figure 6). Magnum is the albumen-secreting site. The 
growth of the oviduct and the synthesis of several yolks are mostly complete before the first egg 
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is laid. In most species, egg albumen is synthesized in the oviduct during a 24 h period before 
ovulation. Tubular glands found in the mucosa of the magnum synthesize the proteins, 
ovalbumin, ovotransferrin, lysozyme, and ovomucoid. These proteins are synthesized on the 
rough endoplasmic reticulum and are packaged by the Golgi apparatus into granules surrounded 
by a lipid membrane. The nascent granules coalesce into large storage granules, which collect in 
the apical region of the secretory cells. As the yolk traverses the magnum, signals derived from 
the distention of the lumen induce the storage granules to fuse with the apical cell membrane and 
they are secreted. Avidin is synthesized in the cells lining the lumen of the magnum and is also 
added. The albumen proteins are synthesized continuously throughout the day preceding 
ovulation; however, synthesis increases by threefold as the egg traverses the magnum. The 
period of maximum amino acid demand for synthesis of albumen for an egg occurs in the 
morning. Increasing dietary protein during this period increases albumen accretion (Hiramoto et 
al., 1990, Penz and Jensen, 1991). Yolk proteins are synthesized in the liver, largely in 
conjunction with lipid accretion and transport. Very-low-density lipoprotein, lipovitellin, 
phosvitin and plasma albumin make up greater than 95% of the yolk proteins. The liver packages 
and secretes triglycerides and phospholipids in a special yolk-targeted VLDL (VLDLy), which 
has unique structural and biochemical properties for targeting it to the ovary. This lipoprotein is 
half the size of normal VLDL and has apoprotein VLDL II on its surface, making it a poor 
substrate for lipoprotein lipase. Consequently, the triglycerides in VLDLy are not well used by 
skeletal muscle or adipose tissue. Its small size permits it to pass through the granulosa basal 
lamina of the ovarian follicle and bind to the apolipoprotein-B receptor on the oolemma. It is 
endocytosed intact to form the yolk. The sieving-like action of the ovarian-follicle basal lamina 
prevents the uptake of portomicrons arriving from the diet. This combination of follicular ultra-
  11 
structure and VLDLy size allows dietary fat to be modified by the liver prior to inclusion into the 
yolk of eggs, permitting better control of yolk lipid characteristics by the female. Vitellogenin is 
a protein synthesized by the liver of the laying female that complex with phospholipids and 
cholesterol. Thus lipoprotein is taken up by the developing oocyte and cleaved to give phosvitin 
and lipovitellin. The ideal amino acid balance for continuous egg production differs from that 
needed for maintenance, but is generally similar to that needed for growth, although slightly 
higher proportions of methionine, valine, and isoleucine are needed. In many species, a portion 
of the amino acids needed for reproduction is mobilized from body tissues (Alisauskas and 
Ankney, 1992). For this reason, lean body tissue is often referred to as a protein reserve. The size 
of these reserves may influence the number and size of eggs laid. The balance of amino acids in 
skeletal muscle is sufficiently different from the balance in egg protein that 1.4 (chicken)…g of 
muscle protein are required for each 1 g of egg synthesized (Klasing, 1998).  
 A typical egg consists of 12% of protein, or 7.8g for a 65g egg. Albumen is synthesized 
in the oviduct, while those deposited into the oocyte are synthesized exclusively in the liver 
(Tarlow et al., 1977). In rats, the contribution of liver protein synthesis to whole body proteins 
has been estimated to be between 24% and 30% (Waterlow et al., 1978, McNurlan and Garlick, 
1980). Williams (1962) has suggested that 45% of albumen proteins are synthesized just as an 
egg passes through the magnum. The liver and oviduct (84.1%) showed higher rates of fractional 
synthesis than any other organ in the laying hen (Hiramoto et al., 1990). The fractional synthesis 
rate of liver proteins (93.3%) in laying hens was similar to those reported in young chicks 
(Muramatsu et al., 1983). However, whole body protein synthesis decreases with age in chickens 
(Muramatsu and Okumura, 1985, Muramatsu et al., 1987). The fractional synthesis rate of breast 
muscle in laying hens was 15.2% (Hiramoto et al., 1990).  
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Amino acid and protein requirements  
 The ideal protein concept attempts to maintain the ratio between amino acids rather than 
requiring an absolute level. A protein that has, “a balance of essential amino acids that exactly 
matches a bird’s requirements, along with sufficient nonessential amino acid nitrogen to permit 
the synthesis of all of the nonessential amino acids, is referred to as an ideal protein.” (in 
Klasing, 1998) Methionine is the first-limiting amino acid in typical corn-soybean meal based 
diets, with lysine being the second limiting. Due to the high costs associated with crude protein 
and the negative consequences of excessive body weight gain in broiler breeders during the 
production period, more attention is beginning to be paid on optimizing crude protein efficiency. 
Furthermore, inherit differences between broiler breeders and caged layers make the reliance of 
layer hen data unreliable. Much variation exists in the amino acid and protein recommendations 
of breeding companies. There is also a significant difference between European and US 
suggested amino acid requirements for breeders. Past research reports have either evaluated 
dietary protein levels or have discussed amino acid needs from empirical data without separating 
the requirements into maintenance, body weight gain, and egg production.  
 The amino acid requirements for breeders are expressed on a factorial basis so that data 
can be extrapolated for differences in strains, ages, body weight, mature protein weight, body 
composition, egg size, egg composition, and egg numbers. Broiler breeders potentially may have 
more profound changes in body weight, egg weight, and egg mass than for a commercial egg-
laying hen. A proposed model by Fisher (1973) utilized what was termed the “Reading” model to 
determine amino acid requirements in a factorial fashion. In the Reading model, a straight line is 
used to model the requirements given the following parameters: maximum egg output, mean egg 
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output, variation in egg output, mean body weight, variation in body weight, and the correlation 
between egg output and body weight.  
The energetic costs of protein metabolism can be quite high. Uric acid synthesis is much 
more energy demanding than urea synthesis and has been estimated to be around 330 kcal/mol 
(Buttery and Boorman, 1976). The energy cost of deposition has been estimated to 0.7 kcal/g of 
protein (Buttery and Boorman, 1976).  
The crude protein recommendations of several management guides tend to place 
requirements above 25 g/b/d (Leeson and Summers, 2000). The Ross (2001) management guide 
suggest upwards of 29 g/b/d of CP. Most published reports suggest that crude protein levels over 
22g do not improve egg production, although they may improve egg weight. Spratt and Leeson 
(1987) suggested 25g CP/d for maximal egg weight while only 19g CP/d for maximal egg 
production. Waldroup et al. (1976) suggested 22g CP/d for maximal egg production. Harms and 
Russell (1995) showed that levels as low as 16.6g CP provided adequate production, however, 
they noted that supplemental methionine and lysine was added. Joseph et al. (2000) reported that 
increasing CP intake from 21.3 to either 23.4 or 26.6g per day (at peak, 144g) during pre-lay and 
early lay in Cobb 500 broiler breeders increased egg weight and albumen weight, but did not 
increase BW. Salas et al. (2010), however, found that BW increases during the early lay and after 
45 wk of age. Several researchers have found no increase in BW when layers are fed additional 
crude protein (Sohail et al., 2003, Grobas et al., 1999, and Keshavarz, 1995). Broiler breeders, on 
the other hand, have been known to continue to gain BW throughout a significant portion of their 
productive life. Reports on changes to yolk and albumen ratios have been sparse and primarily 
concern commercial layers. Keshavarz indicated that with an increase in dietary protein intake 
from 17.4 to 21.4 g/hen per day, egg weight, egg mass, albumen and yolk weight also increased. 
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A review by Lopez and Leeson (1994) covers the early research of protein requirements of 
broiler breeders. In it they establish a range of values from 19g CP/day (Spratt and Leeson, 1987) 
to 22g CP/day (Waldroup, 1976) for maximal egg production. Spratt and Leeson even suggested 
25g CP/day for maximal egg weight.  
 Rick Kleyn (year unknown) best illustrates the wide variation in crude protein 
requirements in a technical bulletin. In it, Kleyn reports that protein requirements range from 
15.5 to 25.6 g/b/d depending on the study considered. Most published reports suggest that CP 
levels above 22g/d do not improve egg production, but do improve egg weight. Joseph et al. 
(2000) reported that increasing CP intake from 21.3 to either 23.4 or 26.6g per day (at peak, 
144g) during pre-lay and early lay in Cobb 500 broiler breeders increased egg weight and 
albumen weight, but did not increase BW. They also reported an increase in egg weight going 
from 23.4 to 26.6g per day.  
 An improvement in egg weight, however, does not translate to improved reproductive 
capacity. Pearson and Herron (1982) show an increase in dead and deformed embryos and a 
resulting decrease hatchability of fertile eggs with 27 versus 23.1g of protein intake per bird per 
day. Along the same lines, Lopez and Leeson (1993) demonstrated an increase in hatchability 
with lower protein diets (10% CP). More so, Ekmay et al. (2011) showed the fertility 
requirement for many amino acids lay below the production requirements of those same amino 
acids. Whitehead et al (1985) reported a significant increase in saleable chicks per breeder with a 
13.7% versus a 16.8% protein breeder diet. Finally, Wilson and Harms (1963) found that protein 
intake from 19.9 to 23 g/bird/day had no effect on 49-day body weight of offspring. Despite the 
strong evidence to suggest that higher levels of CP do not confer any additional benefits to 
progeny, it remains common practice to feed high levels of CP.  
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 The development of an equation to estimate the CP requirements of broiler breeders during 
the production period has only received minimal attention. Furthermore, most studies have relied 
on empirical data without separating the requirements into maintenance, body weight gain, and 
egg production. Of the few breeder requirement studies performed utilizing the factorial method, 
Rabello et al. (2002) reported the following equation: 
CP= 2.282BW0.75 +0.356G + 0.262EW 
Where BW=body weight, G= requirements for growth, and EW= requirements for egg 
formation. Utilizing the factorial-based “Reading model,” Fisher (1998) reports the amino acid 
requirements of broiler breeders, but not crude protein requirements. Similarly, Ekmay et al. 
(2011) utilized the factorial method to determine the requirements of several critical amino acids 
in broiler breeders for both maintenance and during the production period. Determination of the 
protein and amino acid requirements of broiler breeders continues to be investigated. Novak et 
al. (2006) found that reducing protein intake in phase-fed Hy-Line W-98 laying hens reduced 
egg weight, wet and dry albumen percentage, albumen solids, albumen and yolk protein 
percentages compared to 14.6 and 16.3 %. Phase I (20 to 43 wk) consisted of 18.9, 17.0, and 
14.4g of protein/day, while Phase II (44 to 63 wk) consisted of 16.3, 14.6, and 13.8g of 
protein/day.  
 
 
Lysine 
 Fisher (1998) followed with a full review of all amino acid requirements for broiler 
breeders utilizing the Reading model. Briefly, total lysine requirements at 29 wk of age were 
determined to be 1,121 mg/b/d. The lysine maintenance requirements were determined to be 325 
mg/b/d, or 29% of total. Egg production, growth, and flock variability accounted for 50%, 2%, 
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and 18% of the total requirement, respectively. However, several authors have shown great 
variability in lysine maintenance requirements, especially due to assay method, i.e. lysine 
accretion vs. protein accretion. The concept of maintenance requirements is not necessary well 
defined. It is often taken to mean nitrogen equilibrium, where nitrogen intake equals obligatory 
nitrogen losses. Aside from nitrogen balance studies, extrapolations from production trials are 
often utilized to determine requirements. As such, there are often discrepancies when the 
production parameter measured is amino acid accretion a zero intake, or protein accretion at zero 
intake. Leveille and Fisher  (1959) reported the maintenance requirements of White Leghorn 
roosters to be 29 mg/kg/d using a nitrogen-balance procedure. Gous et al. (1983) reported the 
requirement in White Leghorn roosters to be 73 mg/kg BW/d, meanwhile Fisher et al. (2001) 
reported a maintenance requirement of nearly zero using a dose-response assay in broiler breeder 
hens. Coon et al. (2006) reported maintenance requirements of 333 mg/kg BW/d at zero protein 
accretion; which are closer to Fisher’s 1998 values. Lysine requirements for egg production were 
reported to be 804 mg/b/d by Harms and Ivey (1992) and 920 mg/b/d by Kleyn (1987). On the 
other hand, Fisher (1998) placed the lysine requirements for egg production at 560 mg/b/d. The 
difficulty in establishing production requirements lies within the rate of egg production and the 
production parameter being considered. Is the performance criteria considered egg number, egg 
weight, or egg mass? Unlike laying hens, the eggs produced by a broiler breeder must meet the 
requirements of the embryo for hatch and subsequent growth. Furthermore, there are machinery 
considerations that must be taken into account. For example, hatchery equipment often cannot 
handle over-sized eggs. It has also been shown that excessive crude protein can negatively 
impact fertility (Pearson and Herron, 1982, Lopez and Leeson, 1995). A study by Ekmay et al., 
(2011) showed significant differences between the requirements for production and its impact on 
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fertility. For example, the lysine production requirement in broiler breeders was determined to be 
716 mg/b/d for maximum production, however, a negative linear relationship was determined 
between lysine and fertility. Ekmay defined production as average egg weight multiplied by 
average hen day egg production added to average daily weight gain. Despite the inconsistencies 
in lysine maintenance requirements, most nutritionists tend to err on the side of a higher lysine 
requirement (Bowmaker and Gous, 1991).  
 
Cysteine/Methionine and Phenylalanine/Tyrosine 
 As a percentage of lysine, the total requirements reported by Fisher (1998) for other 
amino acids can be seen in Table 2. Determination of the requirements of other amino acids 
suffers from the same deficiencies described for lysine. Due to the abilities of some pairs of 
amino acids to interconvert, cysteine and methionine, and phenylalanine and tyrosine are 
considered as pairs, respectively. Methionine can be converted to cysteine at about 100% 
efficiency, but dietary cysteine can spare only about 50% of the total methionine requirement. 
Similarly, phenylalanine can be converted to tyrosine with 100% efficiency, and tyrosine can 
spare about half of the total phenylalanine requirement. Total methionine + cysteine 
requirements were reported to be 794 mg/b/d at 29 wk of age by Fisher (1998). Leveille and 
Fisher (1960) reported the total sulfur amino acid maintenance requirement for roosters to be 37 
mg/b/d. Whereas, Fisher (1998) reported the Met + Cys maintenance requirement to be 278 
mg/b/d, while Coon et al. (2006) reported the Met + Cys maintenance requirements to be 132 
mg/b/d. The methionine requirements for egg production were reported to be 265 mg/b/d by 
Fisher (1998) and 338 mg/b/d by Ekmay et al. (2011). 
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 The total phenylalanine + tyrosine requirement was determined to be 1,316 mg/b/d by 
Fisher (1998). Leveille and Fisher (1960) reported the tyrosine maintenance requirements in the 
presence of 26 mg/kg BW/d in White Leghorn roosters to be 33 mg/kg BW/d. Fisher reported 
the phenylalanine + tyrosine maintenance requirement to be 355 mg/b/d, while Coon et al. 
(2006) reported the maintenance requirements to be 295 mg/b/d. In each study, the maintenance 
requirement for phenylalanine was much greater than the requirement for tyrosine. The 
phenylalanine + tyrosine requirement for egg production was reported to be 684 mg/b/d by 
Fisher (1998), while Ekmay et al. (2011) reported the phenylalanine production requirement to 
be 486 mg/b/d. 
  
Isoleucine and Valine 
 Very few studies exist assessing the isoleucine and valine requirements of broiler 
breeders. The NRC (1994) and Fisher (1998) place the requirements of isoleucine at 850 mg/b/d 
and 598 mg/b/d. Ekmay et al. (2011) placed the requirement between 826 mg/b/d and 829 
mg/b/d for optimal egg mass plus body weight gain. Harms and Ivey (1992) reported that an 
isoleucine intake of 625 mg/d along with 16.72g CP/d resulted in satisfactory performance 
although they recommended 685 mg/b/d. and 17.51g CP/d. Beyond these recommendations, 
little else is available to aid in truly establishing the broiler breeder requirement. Peganova and 
Elder (2002) investigated the isoleucine requirements of laying hens and suggested ranges of 412 
to 770 mg/b/d for optimal egg mass in 25-32 wk old hens. They also conclude that isoleucine 
levels over 0.8% reduced body weight and levels over 1.0% reduced daily egg mass. The valine 
requirements are reported to be 693 mg/b/d by Fisher (1998) and 750 mg/b/d by the NRC (1994). 
The value determined Ekmay et al. (2011; 786 mg/b/d) is consistent with that of the NRC. Harms 
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and Ivey (1992) placed the requirement at 837 mg/b/d with levels as low as 778 mg/b/d 
producing adequate performance. Bornstein et al. (1979) reported the valine requirement to be 
920 mg/b/d. in 3.4-3.5 kg broiler breeders housed in floor pens: which may explain the higher 
requirement.  
 
Threonine 
Threonine is usually the third-limiting amino acid after methionine and lysine in a typical corn-
soybean meal diet. It is important at the intestinal level, where more than half of dietary 
threonine has been found to remain at that level in pigs (Stoll et al., 1998). The threonine 
requirement determined Ekmay et al. (2011; 613 mg/b/d) was found to fall between the 
requirements set out by Fisher (1998) and Bornstein et al. (1979) and the NRC (720 mg/b/d). In 
caged layers, the requirement was found to be 447-462 mg/b/d for optimal egg mass (Faria et al., 
2002). 
 
 
P HOMEOSTASIS DURING EGG FORMATION 
Bone biology and P requirements 
 Two processes bring about bone development of a laying hen. Endochondral ossification 
accounts for the longitudinal growth in long bones, while intramembraneous ossification 
accounts for long bone widening. Longitudinal growth commences in the epiphyseal growth 
plate where infiltrating osteoblasts replace cartilage with collagen and hydroxyapatite. 
Osteoclasts, or bone-resorbing cells, are also active in bone remodeling and the creation of a 
trabecular bone network. Trabecular bone consists of irregularly woven collagen fibrils. Bone 
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widening is brought about by osteoblasts that continually secrete concentric layers of lamellar 
cortical bone in cavities in the perichondrium. Osteoclasts resorb bone so that the bone widens, 
with bone formation occurring on the outer surface and bone resorption occurring on the inner.  
 The onset of sexual maturity brings forth many physiological changes. One such change 
is unique to birds and reptile: the production of medullary bone. Medullary bone functions as a 
labile source of calcium for shell formation. It is especially prevalent in leg bones such as the 
femur and tibiotarsus. Estrogen stimulates osteoblast formation of medullary bone while 
inhibiting osteoclast function. There is an overall loss of structural bone that can be quite 
marked, however, total bone content may remain constant or even increase. The progressive loss 
of structural bone during the laying period is characteristic of osteoporosis and results in 
weakening of the skeleton and increased fracture. Declining levels of estrogen when a hen goes 
out of lay reverses the changes that occur at sexual maturity. At this point, medullary bone 
begins to disappear and new layers of structural bone are laid down.  
The P requirements of broiler breeder hens have come under closer scrutiny due to a rise 
in the cost of inorganic P and the environmental concerns of P runoff. Different attempts have 
been made to solve these problems, usually involving the addition of exogenous phytase to the 
diet to improve available P. Concerns over subsequent progeny performance, as well as breeder 
performance, have kept non-phytate phosphorus (NPP) or available P equivalent levels at 600 
mg/day or higher. Plumstead et al. (2008) reported that NPP levels as low as 0.10% with phytase 
(0.22% available P) did not diminish egg production while improving water-soluble P retention. 
The water-soluble fraction has been identified as the fraction susceptible to run-off. Previous 
research has shown that reducing dietary NPP to 0.20% (288 mg/day) did not negatively impact 
egg production, egg quality, or progeny quality (Ekmay and Coon, 2010). Reducing dietary P 
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also reduced the amount of total P and NPP excreted. The cost associated with maintaining a 
high level of production was a reduction in bone quality in the breeder hen. It was surmised that 
breeder hens utilized bone reserves regardless of dietary intake, and that dietary P determined the 
level of re-deposition.  Van de Velde et al. (1984) previously reported that when bone resorption 
was low, bone formation was also low and vice versa. The group hypothesized that medullary 
bone was recalcified during the inactive period following eggshell formation. 
Determination of serum or plasma bone markers useful as diagnostic tools in bone 
pathology continues to be investigated. Several markers have limitations that hinder it in the 
diagnosis of disease, yet are useful in other applications. Bone alkaline phosphatase has been 
used extensively as a marker of bone deposition. Serum alkaline phosphatase is not bone specific 
and also includes that produced by other sources (liver, leukocytes). However, Ureña (1996) 
reported a 0.74 correlation between total alkaline phosphatase (tALP) and bone formation rate in 
adult hemodialysis patients. Tartrate-resistant acid phosphatase (TRAP) is another bone marker 
that has been utilized extensively as a marker of bone resorption. There are two isoforms of the 
enzyme: 5a and 5b. The 5b isoform is found exclusively in osteoclasts and 5b quantification can 
be directly related to osteoclast activity and bone resorption. For a comprehensive review of acid 
phosphatase and bone metabolism see Igarashi et al. (2002).   
 The exact mechanisms of bone turnover in the egg-laying hen have not been elucidated: 
especially as influenced by dietary NPP. Several authors (Manangi, 2006, Rao and Roland, 1990, 
Feinberg et al., 1937) have looked at fluctuations of blood Ca2+ and P+ over a 24 h period in egg-
laying hens (broiler breeder hens and commercial layers). In the studies by Feinberg et al. and 
Rao and Roland with commercial layers, peak serum P occurred between 11-14 h post 
oviposition. Manangi, on the other hand, reported peak serum P between 20-24 h post 
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oviposition in broiler breeder hens.  The differences in serum P have been attributed to seasonal 
factors, amounts of dietary P and Ca, Ca particle size, age, and strain (Manangi, 2006, Rao and 
Roland, 1990, Peterson and Parish, 1939). 
 
Egg formation 
 The process of egg formation increases the demand for calcium. In most scenarios, shell 
formation occurs at night when dietary calcium availability is limiting; medullary bone is then 
mobilized to support shell formation. Osteoclast activity is not specific for medullary bone as 
structural bone can also be resorbed. After an egg is laid, osteoblasts regenerate lost medullary 
bone.  Several authors have found that increasing the particle size of the calcium source 
increased the proportions of medullary bone (Rennie, 1997) and bone strength (Fleming et al., 
1998).  
 Broiler breeder hens are maintained on restricted diets and are typically fed once in the 
morning. Nutritionists often recommend increasing Ca to meet the needs of shell formation while 
maintaining P levels. Increasing the particle size of the calcium source may slow release of Ca 
into the digestive system from the gizzard. Slower release means that dietary calcium would be 
available for shell formation later in the day and the need for bone calcium would be diminished. 
 During shell calcification, the shell glands remove Ca from the blood. Blood Ca levels 
decrease when Ca absorption by the gut does not sustain the rate of shell calcification or when 
calcification occurs at night when the gut is empty. Reduction in blood Ca levels stimulate 
secretion of PTH by the parathyroid gland and results in bone mobilization. Mobilization of 
medullary bone to meet the calcium needs of shell formation releases phosphate as well. Excess 
iP accumulates in the blood where PTH stimulates its excretion. The kidneys excrete phosphate 
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that is not deposited into the egg. PTH stimulates 1,25-(OH)2D3 synthesis, which in turn has a 
direct effect on kidney function to increase Ca and iP absorption from the intestine (Forte, 1983). 
The endogenous loss of P creates difficulties in establishing the phosphorus requirements in 
commercial broiler breeder hens. Excess P has been shown to lead to a thinning of the eggshell 
(Miles, 1980) and calcium deficiency. Poor shell quality has been shown to impair hatchability 
(McDaniel et al., 1981).  
 
 
CARNITINE 
L-carnitine promotes the β-oxidation of long-chain fatty acids and serves as a carrier of 
activated fatty acids across the mitochondrial membrane. Acylcarnitine (a fatty acid + L-
carnitine) is synthesized from acyl-CoA (a fatty acid + coenzyme A) by carnitine palmitoyl 
transferase I for transport across the outer mitochondrial membrane (Figure 9). Acylcarnitine is 
transported across the membrane by the transport protein, carnitine:acylcarnitine translocase. 
Carnitine palmitoyl transferase II is associated with the inner mitochondrial membrane and 
catalyzes the formation of acyl-CoA within the mitochondrial matrix where it can be 
metabolized through β-oxidation, ultimately yielding propionyl-CoA and acetyl-CoA.  
Carnitine is endogenously synthesized from methionine and lysine: these amino acids are 
usually the first and second limiting amino acids, respectively, in a typical corn-soy diet. For this 
reason, studies in poultry involving L-carnitine have garnered much attention.  There have been 
mixed results as to the benefit of supplementing diets with L-carnitine. There have reports of 
improved growth rates and feed efficiency in poultry (Rabie et al., 1997) and swine (Weeden et 
al., 1991). The deposition of abdominal fat in broiler chickens fed supplemental carnitine has not 
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yielded consistent results. Cartwright (1986) reported no changes to carcass fat with various 
levels of added L-carnitine. However, Xu et al. (2003) and Rabie et al. (1997) showed that 
carnitine supplementation decreases carcass fat in the breeder. The effect of L-carnitine on 
progeny performance has not received the same attention. Kidd et al. (2005) have reported that 
carnitine supplementation in the breeder hen decreases carcass fat in the progeny. There have 
been reported improvements in egg hatching rates and an increase in egg yolk carnitine with 
supplementation (Leibetseder, 1995).   
Feed restriction programs are often employed to control BW, delay sexual maturity, 
increase livability, and increase egg production. There are several potential feeding regimens that 
can be employed, but the two most common are everyday feeding (ED) and skip-a-day feeding 
(SKP). Other feeding regimens are just variations of the skip-a-day model. Under a skip-a-day 
regimen, birds receive twice the amount of feed they would receive on a per day basis, every 
other day.  Feed restriction programs typically begin at 18-24 d of age and last until 
photostimulation, first egg, or 5% production. It has been shown that hens on a skip-a-day 
feeding regimen have lower feed conversions, produce fewer eggs, had lower BW, and smaller 
frame size than hens on an everyday regimen and that hens on a skip-a-day regimen show 
increased lipogenesis (De Beer and Coon, 2007, De Beer et al., 2007). De Beer and Coon (2007) 
also suggest that alterations to body composition in hens on a feeding regimen that includes off-
feed days may result in larger eggs.  
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Table 1. Essential and non-essential amino acids in the chicken. 
Essential Non-essential 
Arginine Alanine 
Lysine Aspartic acid 
Histidine Asparagine 
Leucine Glutamic acid 
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Isoleucine Glutamine 
Valine Glycine 
Methionine Serine* 
Threonine Tyrosine* 
Tryptophan Cysteine* 
Phenylalanine Proline* 
*Semi-essential  
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Figure 1. Overview of the interaction between amino acids and carbohydrate metabolism. 
Source: Sparknotes.com 
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Figure 2. Structure of uric acid: the primary form of nitrogenous waste in birds. (Sigma-Aldrich) 
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Figure 3. Overview of the transcription and translation processes in the formation of a functional 
protein. Source: Bio1151, College of DuPage, bio1151.nicerweb.com 
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Figure 4. Overview of protein digestion and absorption across the brush border membrane. 
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Figure 5. Overview of the ubiquitin-proteasome pathway of protein degradation. Source: 
Rubinsztein (2006). 
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Figure 6. Overview of the avian reproductive system. Source: Breque et al. (2003)  
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Table 2. Amino acid requirements relative to lysine at various ages in broiler breeders. Source: 
Fisher, 1998 
 Calculated requirements (Lysine = 100) 
Amino Acid 29 wk of age 31 wk of age 64 wk of age 
Arg 90 90 90 
His 34 34 33 
Ile 68 70 68 
Leu 112 114 111 
Lys 100 100 100 
Met 42 43 42 
Met + Cys 71 73 71 
Phe + Tyr 117 120 116 
Thr 63 64 63 
Trp 21 22 21 
Val 79 81 78 
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Table 3. Amino acid requirements for optimal egg mass + body weight gain in broiler breeders at 
peak production. Source: Ekmay et al., 2011a 
 
Req. for  
EM+∆BW 
(gEM+gBWG/d) 
Req. for 
Maint.+EM+∆BW 
(gEM+gBWG/d) 
Req. for 
Maint.+EM+∆BW 
(gfeed/gEM+gBWG/d) 
 
 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Fisher (1998) 
NRC 
(1994) 
Met 318 334 409 425 436 427 372 450 
Cys  437  468  485   
Phe 465 459 689 683 689 663   
Phe+Tyr       1032 1112 
Trp  222  243  261 186 190 
Arg 787 746 1101 1060 922 1022 803 1110 
Lys 741 751 909 919 926 911 893 765 
Ile 667 670 826 829 846 820 598 850 
Val  587  786  811 693 750 
Thr  370  613  613 558 720 
CP (g/d) 15.0 14.5 20.9 20.4 19.4 20.0  19.5 
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Figure 7. Humerus of laying hen showing (a) normal pneumatized internal cavity and (b) cavity 
filled with medullary bone. Source: Whitehead, 2004. 
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Figure 8. Proposed model of Ca and P utilization in broiler breeders. Source: Ekmay and Coon, 
2010  
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Figure 9. The mitochondrial carnitine system (CPT I, carnitine palmitoyl transferase I; CT, 
carnitine: acylcarnitine translocase; CPT II, carnitine palmitoyl transferase II; CAT, carnitine-
acetyl transferase; CoA, coenzyme A) Source: humpath.com 
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ABSTRACT A trial was conducted to determine optimal digestible crude protein and energy 
levels for performance in broiler breeder hens. Nine hundred and thirty six Cobb 700 pullets 
were reared to three different body weights, defined as 20% under Cobb standard, Cobb 
standard, and 20% over Cobb standard. At 21 wk, birds were transferred to a production house 
where they were randomly assigned to one of six experimental diets in a 2x3 factorial fashion. 
Two levels of energy (390 and 450 kcal) and three levels of protein (22,24, and 26g) were 
utilized. Egg production, egg weights, fertility, hatchability, progeny weight, nitrogen balance, 
and amino acid digestibility were all determined. An intake of 390 kcal/d matched or 
outperformed 450 kcal/d in nearly every parameter measured. No significant difference was 
noted in egg production due to energy or protein intake, however, an intake of 26g CP resulted in 
heavier eggs and heavier progeny. However, no differences in total egg mass were determined, 
indicating that the actual output between hens fed 22g and 26g CP/d were the same. Nitrogen 
balance and efficiency of protein utilization were also optimized at 22g CP. Results show that 
22g CP/d at 390 kcal/d provides the best combination of performance, progeny quality, and 
protein utilization efficiency. 
 
 
 
 
 
 
 
 
  46 
INTRODUCTION 
 The ideal protein concept attempts to maintain the ratio between amino acids rather than 
requiring an absolute level. A protein that has, “a balance of essential amino acids that exactly 
matches a bird’s requirements, along with sufficient nonessential amino acid nitrogen to permit 
the synthesis of all of the nonessential amino acids, is referred to as an ideal protein.” (in 
Klasing, 1998) A review by Lopez and Leeson (1994) covers the early research on protein 
requirements of broiler breeders. In it they establish a range of values from 19g CP/day (Spratt 
and Leeson) to 22g CP/day (Waldroup) for maximal egg production. Spratt and Leeson even 
suggested 25g CP/day for maximal egg weight. Rick Kleyn best illustrates the wide variation in 
crude protein requirements in the technical bulletin. In it, Kleyn reports that protein requirements 
range from 15.5 to 25.6 g/b/d depending on the study considered.  
 Most published reports suggest that CP levels above 22g/d do not improve egg production, 
but do improve egg weight. An improvement in egg weight, however, does not translate to 
improved reproductive capacity. Pearson and Herron (1982) show an increase in dead and 
deformed embryos, thus resulting in decreased hatchability of fertile eggs with 27 versus 23.1g 
of protein intake per bird per day. Along the same lines, Lopez and Leeson (1995) demonstrated 
an increase in fertility with lower protein diets (10-14% vs 16% CP). Whitehead et al (1985) 
reported a significant increase in saleable chicks per breeder with a 13.7% versus a 16.8% 
protein breeder diet. Finally, Wilson and Harms found that protein intake from 19.9 to 23 
g/bird/day had no effect on 49-day body weight of offspring. Reports on changes to yolk and 
albumen ratios have been sparse and primarily concern commercial layers. Keshavarz indicated 
that with an increase in dietary protein intake from 17.4 to 21.4 g/hen per day, egg weight, egg 
mass, albumen and yolk weight also increased. Despite the strong evidence to suggest that higher 
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levels of CP do not confer any additional benefits to progeny, it remains common practice to 
feed high levels of CP.  
 However, the focus should remain on the amino acids requirements of broiler breeders. 
Most studies do not report digestible amino acid values when establishing requirement values. 
Even if digestible values are not considered, there is often much variability in the amino acid 
requirements reported by authors. Fisher reported lysine requirements for egg production at 893 
mg/b/d based on the Reading model, which includes corrections for flock variability; while the 
NRC recommendations place them at 765 mg/b/d. Harms and Ivey (1992) placed the lysine 
requirements for approximately 50 wk old broiler breeders at 819 mg/b/d for maximum egg mass 
when crude protein was fed at levels greater than 18.55g. Harms and Russell (1995) revisited the 
lysine requirements and placed the requirement at 845 mg/d for maximum egg production, egg 
mass, and egg content. Ekmay et al. (2011) reported the digestible lysine requirements in two 
separate trials for maximum product at 909 mg/b/d and 919 mg/b/d, respectively.  
 The interaction between energy and protein intake may be of significance. Growth 
responses in broilers have been seen when protein is increased but not energy. It is the feeling of 
some that protein and amino acids are preferentially catabolized and used as energy.  
 The development of factorial coefficients to estimate the CP requirements of broiler 
breeders during the production period has only received minimal attention. Most studies rely on 
empirical data without separating the requirements into maintenance, body weight gain, and egg 
production. Of the few breeder requirement studies performed utilizing the factorial method, 
Rabello (2002) reported the following equation: 
CP= 2.282BW0.75 +0.356G + 0.262EW 
Where BW=body weight, G= requirements for growth, and EW= requirements for egg 
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formation. Utilizing the factorial-based “Reading model,” Fisher (1998) reports the amino acid 
requirements of broiler breeders, but not crude protein requirements. Similarly, Sakomura et al. 
(2005) utilized the factorial method to determine the requirements of several critical amino acids 
in broiler breeders for maintenance. Nevertheless, a study on the CP requirements of broiler 
breeders that encompasses all aspects of production and progeny performance has not been 
conducted. The purpose of this study is to establish the CP requirements of broiler breeders, with 
an ideal amino acid profile in mind, for the production period.  
 
MATERIALS AND METHODS 
Stock and Management 
A flock of 1350 Cobb 700 breeder pullets were reared to three growth curves, defined as 
20% under Cobb standard, Cobb standard, and 20% over Cobb standard. The Cobb Breeder 
Management Guide (Cobb-Vantress, 2005) was used as a reference for all management 
conditions. The flock was placed in 2.38 m X 1.83 m floor pens and fed ad libitum for the first 2 
wk. From 2 to 4 wk, all birds were fed restricted amounts of feed every day. From 4 wk onward, 
all birds were fed on a skip-a-day regimen. Feed allocation was based on breeder recommended 
guidelines to reach target BW. Birds were weighed weekly by pen and feed allocation adjusted to 
ensure target BW was met. At 21 wk, 864 birds (288 from each growth curve) were transferred 
to a production house and individually caged. Cages (47 cm high, 30.5 cm wide, 47 cm deep) 
were each equipped with an individual feeder and nipple drinker. All breeders were put on an 
everyday feeding system. Within each growth curve, hens were randomly assigned to a treatment 
in a 2x3 factorial arrangement (energy x protein). Two energy levels utilized were 390 and 450 
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kcal, and the three protein intakes were 22, 24, and 26g/d at peak intake. Composition of 
experimental diets can be seen in Table 1.  
 
Breeder and Progeny performance 
Egg production was recorded daily and egg weights recorded two days a week. All soft 
shelled, double yolk and cracked eggs were recorded. Peak egg production was determined as a 
five day rolling average. Ten eggs per treatment group per week were saved and broken out to 
determine egg mass, yolk wt, and albumen wt. Hens were artificially inseminated beginning at 5 
wk intervals beginning at wk 29 through wk 64. All hens were inseminated with 2x106 cells/ 50 
µl and settable eggs were collected for a six-day period. Semen was collected from broiler 
breeder males using the abdominal massage method, as described by Burrows and Quinn (1937). 
Semen was pooled and sperm cell concentration determined using an IMV Micro-Reader I, using 
an optical density of 381 nm (King et al., 2000). Semen was diluted to 2x106 cells/50 μl using 
Lake’s diluent to ensure all hens were inseminated with the same number and volume of sperm 
cells. Hatch of fertile and hatch wt was determined, after which progeny were euthanized via 
CO2 asphyxiation. Progeny from the wk 48 insemination were placed in floor pens for a 6 wk 
grow-out study. Progeny were weighed at wk 3 and wk 6.  
Retention Study 
A balance study was conducted at 36 and 44 wk to assess retention and amino acid 
digestibility. The very same experimental diets were mixed with 2% celite as an acid insoluble 
marker. Five hens from each energy x protein treatment group were utilized; during which, all 
excreta was collected during a one-week test period. Samples were freeze dried and sent to the 
University of Arkansas Central Analytical Laboratory for nitrogen, CP, and amino acid analysis. 
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Retention was defined as ((total intake – total excreted)/ total intake) x 100. Retention was 
confirmed by determination of the acid insoluble ash using the method of Vogtmann et al. 
(1975). 
 
Statistical Analysis 
A randomized complete block design with a 2 x 3 factorial treatment structure was 
utilized. Birds were blocked by growth curve and considered a fixed effect. Data was analyzed 
utilizing the least squares procedure on JMP 7 (SAS Institute, Cary, NC). When applicable, trend 
contrasts were utilized to determine line shape. As an alternative, data was analyzed as a 
completely randomized 2x3x3 full factorial arrangement. All statements of significance are 
based on testing at P ≤ 0.05. 
 
RESULTS 
Cumulative eggs through 65 wks were not impacted by crude protein intake nor were 
interaction effects observed (Table 2). However, hens fed 390 kcal produced significantly more 
eggs than hens fed 450 kcal. Growth curve did not significantly impact egg production 
(P=0.0579), however it was still considered a fixed effect. Hens reared on a 20% under growth 
curve produced 7 fewer eggs through 65 wks. Within each growth curve, the cumulative number 
of eggs was not impacted by energy or protein intake. Maximum cumulative number of eggs 
were produced by hens reared on a 20% over growth curve and 390 kcal/d and 22g CP/d. Hens 
reared on a standard growth curve and 20% under growth curve also produced the greatest 
number of eggs when fed 390 kcal/d and 22g CP/d. The number of hatching eggs was higher in 
hens fed 390 kcal compared to 450 kcal: producing 8 more eggs. However, growth curve was not 
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significant (P=0.1006). Maximum hatching egg production occurred in hens fed 390 kcal/d and 
22g CP/d.  Age of first egg was also impacted by growth curve, with hens reared on a 20% over 
curve reaching maturity on average a day sooner than hens reared on a 20% under curve. 
Interaction effects between energy and protein intake also affected age of first egg. Average 
overall egg weight throughout the study showed significant interaction effects. At both energy 
intakes, 26g CP intake produced heaviest eggs. Although no difference was determined between 
24 and 26g CP in hens fed 450 kcal. The heaviest eggs were produced by hens reared on the 20% 
over curve and fed 390 kcal/d with 26g CP/d. Significant interaction effects were also 
determined for egg mass. At 390 kcal, hens fed 22g produced the highest egg mass, however at 
450 kcal, hens fed 24g produced the highest egg mass. The combination of 390 kcal and 22g CP 
produced the greatest egg mass.  Yolk to Albumen ratio was significantly increased by intakes of 
450 kcal overall and at all ages other than 25 wk and 45 wk. Growth curve impacted Yolk: 
Albumen ratio only at 35 wk (Table 5). No shell weight differences were determined.    
No interaction effects were determined for hatchability or fertility (Table 2). Fertility was 
significantly higher when hens were fed 22g CP rather than 24 or 26g. No energy or growth 
curve effect was observed. No effects were observed on hatchability. Progeny hatching weight 
showed significant interaction effects as well as a growth curve effect (Table 6). Hens fed 390 
kcal/d and 24g CP/d produced the heaviest chicks across growth curves. Chicks from hens reared 
on an “over” growth curve were also heavier than their counterparts. Whether fed 390 or 450 
kcal, hens fed 24g or 26g CP/d produced heavier chicks than when fed 22g. Broken down by 
growth curves, the 20% under growth curve produced the heaviest chicks when fed 390 kcal/d 
and 22g CP/d, the standard growth curve produced the heaviest chicks when fed 450 kcal/d and 
24g CP/d, and the 20% over growth curve produced the heaviest chicks when fed 390 kcal/d and 
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24g CP/d. Interaction effects were only seen before 45 wk; at 55 wk, chicks from hens fed 22g 
CP/d were significantly smaller than those from hens fed 24 or 26g. No differences were 
determined at 65 wk.  
Lean mass and fat gain from 22-60 wks was determined via DEXA scans (Table 8; 
Figures 3-8). Lean mass gain during this time period showed a significant growth curve effect 
and a significant interaction effect between energy and protein intake. Maximum lean mass gain 
occurred in hens reared on a 20% under growth curve and fed 450 kcal/d and 26g CP/d at 1.18g 
CP/d. Minimum lean mass gain occurred in hens reared on a 20% over growth curve and fed 390 
kcal/d and 26g CP/d at 0.35g CP/d. Similar results were seen for fat gain during the same period. 
Both pullet growth curve and the energy/protein interaction exerted a significant effect on fat 
gain. Maximum fat gain occurred in hens reared on a 20% under growth curve and fed 450 
kcal/d and 22g CP/d. Minimum fat gain occurred in hens reared on a 20% over growth curve and 
fed 390 kcal/d and 22g CP/d.  
Linear and quadratic lines were fitted to determine optimal crude protein levels for daily 
product (Figure 11, 12). Product was defined as the average daily egg mass plus average daily 
body weight gain or protein weight gain, respectively. These values were also compared to 
requirements for optimal egg mass and zero body or protein weight accretion. A significant 
linear and quadratic line was fitted for: CP (g/d) vs. EMavg + BWgainavg and CP (g/d) vs. EMavg + 
PWgainavg. The requirements for optimal product using BW to determine product was 
determined to be 22.1g/d (r2=0.1). However, if protein gain is utilized for determining product, 
the requirement increases to 22.7g/d (r2=0.09) under a quadratic fit. The requirement remains 
22g/d under a linear fit (r2=0.07). When the model is set to maximize EM gain but minimize 
deviation of protein gain away from zero, the requirement is 22.6g/d. When the regressions were 
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broken down by energy level, the requirements were found to be higher for hens 450 kcal/d 
compared to hens fed 390 kcal/d. However, the differences in protein requirements between 
energy intakes were not significant.  
Efficiency of protein utilization for egg deposition and for product between 30-40 wk of 
age was highest at 22g CP/d with a negative linear response to increasing levels of protein (Table 
10,11; Figure 9, 10). No energy or interaction effects were observed (Table 10-12). A nitrogen 
balance study conducted between 40-45 wk revealed that N retention lies between 36% and 48% 
(Table 7). Egg nitrogen accounted for 1g/d while the amount of excreted nitrogen ranged from 
1.9g/d to 3g/d. All hens except those consuming 450 kcal and 26g, net body N was negative and 
contributed between 1% and 3% of total excreted N. Digestible amino acid values are presented 
in Table 9.   
 
DISCUSSION 
The significant interaction effects observed in the present study indicate that protein 
requirements cannot be considered without considering energy intake as well. Yet results appear 
to indicate that 390 kcal/d will optimize total eggs and hatching eggs at the crude protein intakes 
considered. Pearson and Herron (1981) fed daily allowances of 450, 413 and 363 kcal ME/d per 
bird at two different daily protein intakes (27 and 21.3 g CP/day) to broiler breeder hens housed 
in floor pens and found that maximum egg production occurred at 413 kcal ME/day. Since the 
trial was conducted in floor pens where energy expenditure for activity must be accounted for, it 
is reasonable to say that the results presented within are in agreement with those of Pearson and 
Herron. The highest egg weights and mass were also found in hens fed 390 kcal. In the present 
study, the yolk to albumen ratio was higher in eggs from hens fed 450 kcal.  Spratt and Leeson 
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(1987b) reported that breeders fed increased energy intake produce larger yolks and less albumen 
when measured as a percentage of the total egg weight. Peebles, et al. (2000) reported that at 
week 35, broiler breeders fed a high or moderate energy level diet (467 and 449 kcal/d) produced 
a higher percentage of yolk weight compared to birds fed the lower energy diet (430 kcal/d). 
Pearson and Herron (1981) also indicated that the percentage albumen weight was significantly 
higher in eggs from birds fed low compared to moderate energy levels. Peebles, et al. (2000) 
suggested that increased energy in the diet may compromise albumen deposition in the egg and 
may promote yolk deposition at certain breeder ages without altering the yolk: albumen ratio. It 
is believed the lower fat content of eggs from young breeders is responsible for the higher 
observed mortality (McNaughton et al., 1978). However, in the present study, an intake of 390 
kcal produced larger chicks and no differences in fertility and hatchability were observed. 
Pearson and Herron observed a decrease in fertility in hens fed 450 kcal/d as compared to 363 
kcal/d. The evidence has been mixed as whether this is due to energy intake itself or body 
weight. Most suggest that body weight control is the critical factor in fertility (Lopez and 
Leeson, 1994). A previous report (Salas et al., 2010) had suggested that the requirement for hens 
reared to a heavy body weight was 450 kcal/d; whereas the requirement for standard and light 
birds was 390 kcal/d. The data presented within does not necessarily support this conclusion. On 
all parameters measured, heavy hens fed 390 kcal/d performed equally or on occasion better than 
when fed 450 kcal/d. However, the data within supports the other conclusions Salas reported.   
To this point only energy intake has been discussed. Crude protein levels were designed 
with ideal amino acid ratios in mind. Therefore, the levels of crude protein discussed here 
represent digestible amino acid intakes for optimal performance. An intake of 22g CP, at 390 
kcal, corresponded to 1020 mg of digestible lysine per day (Table 9). This level of lysine intake 
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appears to be above previous reports for broiler breeder requirements. Ekmay et al. (2011b) 
recommended a digestible lysine requirement of 909-919 mg/b/d. Soares et al. (1988) reported 
45 to 60 week old broiler breeders required 915 mg total lysine/day when consuming 18.5 g 
protein/day. Later, Harms and Ivey (1992) placed the total lysine requirements for approximately 
50 wk old broiler breeders at 819 mg/b/d for maximum egg mass when crude protein was fed at 
levels greater than 18.55g. Harms and Russell (1995) revisited the total lysine requirements and 
placed the requirement at 845 mg/d for maximum egg production, egg mass, and egg content. 
However, Fakhraei et al. (2010) reported a total requirement of 1012.5 mg/b/d for approximately 
60 wk old broiler breeders. Both studies were performed in floor pens; therefore, the 
recommendations suggested would also include activity requirements. Kleyn (1987) 
recommended 920 mg/b/d of total lysine.  
An intake of 22g CP also corresponds to 1070 mg of digestible total sulfur amino acids 
(TSAA). As with lysine, this level of TSAA intake is higher than previous recommendations. 
Total sulfur amino acid recommendations for broiler breeders have ranged from 621 mg/b/d 
(Fisher, 1998) to 893 mg/b/d (Ekmay et al., 2011b) and 960 mg/b/d (Cave et al., 1990). Wilson 
and Harms (1984) suggested the total methionine and TSAA requirement for breeders was 400 
mg and 750 mg day. Threonine is usually the third-limiting amino acid after methionine and 
lysine in a typical corn-soybean meal diet. It is important at the intestinal level, where more than 
half of dietary threonine has been found to remain at that level in pigs (Stoll et al., 1998). The 
digestible threonine intake at 22g CP intake was 690 mg/b/d: near the total recommendation of 
Bornstein et al. (1979) and digestible recommendations of Ekmay et al. (2011b).  
The significant interaction effect observed indicate that protein requirements must be 
specified at one energy level. From the data collected so far, there appears to be a discrepancy as 
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to whether 22g or 26g are necessary for ideal performance. Feeding 22g CP/d produced more 
eggs, however, 26g CP/d produced heavier eggs and chicks (a result of heavier eggs). 
Observations such as this may often be explained by total egg mass. Heavier eggs mean fewer 
eggs and vice versa: egg mass is equivalent in both scenarios. Yet this result could not be readily 
accounted for by egg mass. Significant interaction effects were determined for egg mass, 
however, the data appears to indicate that no there is no CP effect: Egg mass was equivalent in 
hens fed 22 or 26g CP, regardless of energy level. If fed 390 kcal/d, fat gain is minimized when 
fed 22g CP/d. Shell weight was also equivalent across energy and protein intakes. No differences 
in fertility or hatchability were determined, therefore the number of chicks produced per hen was 
highest in hens fed 22g CP. An intake of 26g CP would produce fewer, but larger chicks at 
hatching. The increase in hatching chick weight ranged from 0.3g to 1.0g, depending on energy 
intake, in chicks from hens fed 26g CP instead of 22g CP. The perceived benefit to larger eggs is 
larger hatching chick weights and therefore larger market weights. However, there is strong 
evidence that larger eggs and/or chicks don’t always translate to larger market-age birds 
(Pinchasov, 1991, Ulmer-Franco et al., 2010, Gardiner, 1973). Salas et al. (2011) found no 
difference in the weight of market age birds due to energy intake, although differences to 
hatching weight due to energy intake were reported.  
Fat gain was lowest in hens fed 22g CP, although similar gains were found across protein 
intakes. Energy and pullet BW were the primary factors contributing towards fat gain (Table X, 
Figure X). Similarly, 22g and 24g CP minimized lean mass gain through 60 weeks. The 
minimization of fat and lean mass gain reduces the overall maintenance energy and protein 
requirements. A lower energy requirement for hens fed 22g CP may also explain the increase in 
egg production associated with 22g intake and 390 kcal. Excessive fat gain has been shown to 
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create a host of problems in the breeder that include double hierarchies, multiple ovulations and 
fatty liver (Robinson et al., 1993, Chen et al., 2006). However, it has also been shown that larger 
hens reach sexual maturity quicker, produce larger eggs, and produce larger chicks. An increase 
in yolk deposition into the egg explains the increased egg and chick weight. Spratt and Leeson 
(1987) reported that increased energy intakes resulted in greater yolk deposition on a percentage 
basis and larger hatching chick weights. It is unclear whether it is body weight per se, or the 
energy required to achieve said body weight, that is responsible for the increased yolk 
deposition, egg weight, and chick weight. Ekmay et al. (2011a) showed that skeletal muscle 
supplied a large portion of the amino acids deposited into the egg. Due to this ready supply of 
amino acids, larger hens may be more capable of consistently producing quality eggs. 
Nevertheless, controlling fat gain and BW, in general, ensures proper reproductive performance 
in the broiler breeder hen.  
Determination of protein requirement for product was based on 90% of the optimal 
quadratic response. Often, protein weight gain is utilized instead of body weight gain since there 
is no protein requirement for fat and other components. The requirement for optimal product 
when utilizing protein weight gain was 22.7g CP/d. whereas, the requirement for optimal product 
when using body weight gain was below the lower limit of the protein intakes used (≤22g CP/d). 
The crude protein recommendations of several management guides tend to place requirements 
above 25 g/b/d (Leeson and Summers, 2000). The Ross (2001) management guide suggest 
upwards of 29 g/b/d of CP. Coon et al (2006) suggests that the crude protein requirement of 
broiler breeders is between 20.4 g CP/b/d and 20.9 g CP/b/d for optimal product and lower for 
optimal feed conversion. Most published reports suggest that crude protein levels over 22g do 
not improve egg production, although they may improve egg weight. Joseph et al. (2000) 
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reported that increasing CP intake from 21.3 to either 23.4 or 26.6g per day (at peak, 144g) 
during pre-lay and early lay in Cobb 500 broiler breeders increased egg weight and albumen 
weight, but did not increase BW.  Spratt and Leeson (1987) suggested 25g CP/d for maximal egg 
weight while Waldroup et al. (1976) suggested 22g CP/d for maximal egg production. However, 
most advantages gained in egg weight did not translate to improved reproductive performance. 
Pearson and Herron (1982) show an increase in dead and deformed embryos, thus resulting in 
decreased hatchability of fertile eggs with 27 versus 23.1g of protein intake per bird per day. 
Furthermore, Lopez and Leeson (1995) reported a decrease in fertility in hens fed 16% CP rather 
than 10-14% CP. The highest fertility in the present study was found in hens fed 20.2 g CP/b/d: 
near the optimum for product. Finally, Wilson and Harms (1984) found that protein intake from 
19.9 to 23 g/bird/day had no effect on 49-day body weight of offspring. 
The efficiency of protein utilization for gain, egg production, and product was highest at 
22g CP intake with no energy intake effect observed. The efficiencies for egg production and 
product were 32.6% and 33.6%, respectively, and declined with higher protein intakes. Nonis 
and Gous (2006) reported a mean efficiency of protein utilization of 27.4% with 24g CP/d and 
added lysine and methionine between 0-2.3 g/d. They also reported negative linear relationships 
between the efficiency of utilization and the level of lysine and methionine inclusion. Rabello et 
al. (2002) reported a mean efficiency of nitrogen utilization of 46.8% between 31 and 37 weeks 
of age in broiler breeders. The efficiency for gain was significantly lower than for egg 
production, and no differences were observed between protein intakes. The greater efficiencies 
observed in the present study for lower protein intakes provide further support for a requirement 
at or below 22g CP/d.  
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Table 1. Formulations for test diets. 
 390 kcal 450 kcal 
 22g 24g 26g 22g 24g 26g 
Corn 50.06 45.33 40.60 59.84 55.74 51.65 
Soybean Meal 26.77 30.80 34.83 20.41 23.91 27.39 
Limestone 9.05 9.04 9.03 7.89 7.88 7.88 
Poultry Fat 6.75 7.47 8.18 4.72 5.34 5.96 
Wheat Midds 5.00 5.00 5.00 5.00 5.00 5.00 
Dicalcium phosphate 1.16 1.14 1.12 0.95 0.93 0.91 
Salt 0.32 0.32 0.32 0.32 0.32 0.32 
Methionine 0.21 0.24 0.27 0.16 0.19 0.21 
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20 
Vitamin premix1 0.20 0.20 0.20 0.20 0.20 0.20 
Choline chloride 0.12 0.10 0.08 0.14 0.13 0.11 
Trace minerals2 0.08 0.08 0.08 0.08 0.08 0.08 
Copper sulfate 0.05 0.05 0.05 0.05 0.05 0.05 
Selenium premix 0.02 0.02 0.02 0.02 0.02 0.02 
Ethoxyquin 0.02 0.02 0.02 0.02 0.02 0.02 
       
ME (kcal/kg) 3664 3684 3705 3608 3625 3642 
AMEn (kcal/kg) 2973 3035 3047 2853 2907 2953 
CP%, calculated 20.68 22.67 24.7 17.64 19.33 21.04 
CP%, analyzed3 20.20 22.30 23.38 17.93 18.51 21.16 
Crude fat % 8.95 9.54 10.13 7.19 7.71 8.22 
Calcium % 3.59 3.59 3.59 3.59 3.59 3.59 
Total Phosphorus % 0.59 0.59 0.59 0.59 0.59 0.59 
Available Phosphorus % 0.35 0.35 0.35 0.35 0.35 0.35 
DM% 90.6 91.5 91.1 89.8 89.7 91.7 
Lysine 0.78 0.88 1.03 0.59 0.71 0.81 
Methionine 0.61 0.65 0.67 0.49 0.53 0.57 
Tryptophan 0.14 0.17 0.20 0.11 0.11 0.14 
Threonine 0.53 0.57 0.65 0.42 0.45 0.5 
Arginine 1.19 1.29 1.50 0.97 1.08 1.22 
Isoleucine 0.65 0.73 0.81 0.53 0.58 0.67 
Valine 0.74 0.82 0.9 0.62 0.67 0.76 
Leucine 1.30 1.42 1.53 1.12 1.2 1.32 
  63 
Phenylalanine 0.76 0.83 0.91 0.63 0.68 0.77 
Histidine 0.41 0.43 0.49 0.33 0.35 0.40 
 
 
 
Figure 1. Allocation of protein to peak feed intake for broiler breeders either 390 kcal or 
450 kcal and 22g, 24g, or 26g CP.  
 
 
 
 
 
 
 
Grams Crude Protein per bird per day
15
17
19
21
23
25
27
21
-2
2 
w
k
22
-2
3 
w
k
23
-2
4 
w
k
24
 w
k 
to
 5
%
5%
 to
 1
3%
13
%
 to
 2
1%
21
%
 to
 2
9%
29
%
 to
 3
7%
37
%
 to
 4
5%
45
%
 to
 5
3%
53
%
 to
 6
1%
61
%
 o
n
390/22 390/24 390/26
450/22 450/24 450/26
  64 
 
 
 
 
Figure 2. Energy allocation to peak in broiler breeders fed either 390 kcal/d or 450 kcal/d.  
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Table 2. Eggs per hen housed, fertility, and hatchability main effects through 65 wk of age for 
broiler breeders fed either 390 or 450 kcal and either 22, 24, or 26g CP at peak intake.  
 Eggs per HH Shell wt Fertility Hatchability 
390 kcal 177.45 7.33 91.7 81.1 
450 kcal 171.13 7.24 92.4 82.3 
SEM 1.96 0.05 0.38 0.54 
     
22g 174.3 7.18 93.3 82.9 
24g 176.74 7.31 91.4 81.2 
26g 171.83 7.35 91.5 81.1 
SEM 2.77 0.07 0.47 0.67 
     
Energy 0.0263 0.2280 0.2035 0.1264 
CP 0.369 0.1685 0.0070 0.1023 
Energy*CP 0.2575 0.1395 0.2613 0.3172 
Growth Curve 0.0565 0.7584 0.8275 0.1734 
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Table 3. Mean egg weights through 65 wk of age for broiler breeders fed either 390 or 
450 kcal and either 22, 24, or 26g CP at peak intake.  
 
EW (g)   
 390 kcal 450 kcal   
22g 58.9 58.2 Over 59.4 
24g 59.4 59.3 Standard 59.1 
26g 60.1 59.3 Under 59.2 
SEM 0.07 SEM 0.05 
     
P>F Energy <0.0001   
 CP <0.0001   
 Energy*CP <0.0001   
 GC 0.0002   
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Table 4. Cumulative egg mass through 65 wk of age for broiler breeders fed either 390 or 
450 kcal and either 22, 24, or 26g CP at peak intake.  
EM (g)   
 390 kcal 450 kcal   
22g 11446.5 10829.8 Over 11397.9 
24g 11048.3 11371.3 Standard 11147.9 
26g 11263.6 10813.6 Under 10840.6 
SEM 185.5  129.5 
     
P>F Energy 0.0968   
 CP 0.6396   
 Energy*CP 0.0232   
 GC 0.0098   
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Table 5. Yolk to albumen ration in broiler breeders fed either 390 or 450 kcal and either 
22, 24, or 26g CP at peak intake.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Yolk: Albumen    
Energy (kcal)   CP (g)  
390 0.534  22 0.551 
450 0.554  24 0.544 
SEM 0.003  26 0.537 
   SEM 0.003 
Energy <0.0001    
CP 0.0082    
Energy*CP 0.1917    
GC 0.2029    
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Table 6. Hatching chick wt of progeny from broiler breeders fed either 390 or 450 kcal 
and either 22, 24, or 26g CP at peak intake. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Energy (kcal) CP (g) Hatch wt. (g) Growth Curve Hatch wt. (g) 
 22 42.9 Over 43.1 
390 24 43.3 Standard 42.9 
 26 43.2 Under 42.7 
 22 41.9 SEM 0.07 
450 24 43.0   
 26 43.0   
 SEM 0.10   
     
     
Energy <0.0001    
CP <0.0001    
Energy*CP <0.0001    
Growth Curve 0.0004    
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Table 7. Nitrogen balance in broiler breeders fed either 390 or 450 kcal and either 22, 24, 
or 26g CP at peak intake.  
N balance 40-45 wk  390   450  
 22 24 26 22 24 26 
N intake (g/d) 3.69 4.33 4.58 4.03 3.57 4.77 
Total N lost (g/d) 2.04 2.66 2.73 2.32 1.85 3.04 
N for egg (g/d) 1.00 1.00 0.99 0.95 0.97 1.01 
Total N retained (g/d) 0.65 0.66 0.86 0.76 0.75 0.73 
N retention (%) 44.7 38.4 40.4 42.4 48.2 36.4 
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Table 8.  Lean mass gain and fat mass gain in broiler breeders fed either 390 or 450 kcal 
and either 22, 24, or 26g CP at peak intake.  
CP gain (g/d) Under Standard Over 
 390kcal 450kcal 390kcal 450kcal 390kcal 450kcal 
22g 1.28 0.74 0.68 0.81 0.48 0.41 
24g 0.79 0.94 0.43 0.84 0.34 0.91 
26g 0.71 0.95 0.54 1.26 0.49 0.77 
SEM 0.20 0.20 0.20 0.20 0.20 0.20 
P>F Energy*CP 0.0219  Growth Curve 0.0171  
       
Fat gain (g/d)       
 390 450 390 450 390 450 
22g 2.38 4.96 2.51 3.97 2.55 4.56 
24g 4.00 4.71 3.81 3.72 2.72 3.94 
26g 4.03 4.29 3.02 3.99 2.86 3.86 
SEM 0.47 0.47 0.47 0.47 0.47 0.47 
P>F Energy*CP 0.0225  Growth Curve 0.0439  
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Figure 3. Changes to lean mass in broiler breeders fed 22g, 24g, or 26g CP/d at peak.  
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Figure 4. Changes in lean mass in broiler breeders fed 390 kcal or 450 kcal/d at peak.  
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Figure 5. Changes in lean mass in broiler breeders reared to a standard BW, or 20% over, or 20% 
under.  
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Figure 6. Changes in fat mass in broiler breeders fed 22g, 24g, or 26g CP/d at peak.  
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Figure 7. Changes in fat mass in broiler breeders fed 390 kcal or 450 kcal/d at peak. 
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Figure 8. Changes in fat mass in broiler breeders reared to a standard BW, or 20% over , or 20% 
under. 
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Table 9. Digestible amino acid intake of six test diets at peak. 
g/d  
Diet* Aspartic acid Threonine Serine Glutamic acid Alanine Cysteine Valine Methionine Isoleucine Leucine Tyrosine Phenylalanine Lysine Histidine Tryptophan Arginine 
1 1.98 0.69 0.89 3.46 0.93 0.37 0.97 0.80 0.84 1.70 0.60 0.99 1.02 0.53 0.18 1.55 
2 2.22 0.74 0.93 3.82 0.99 0.40 1.06 0.85 0.95 1.85 0.62 1.08 1.15 0.56 0.22 1.68 
3 2.49 0.85 1.09 4.18 1.07 0.43 1.17 0.87 1.05 1.99 0.71 1.19 1.33 0.64 0.25 1.94 
4 1.81 0.63 0.80 3.43 0.91 0.34 0.92 0.73 0.79 1.67 0.56 0.94 0.89 0.49 0.16 1.45 
5 1.96 0.67 0.84 3.65 0.98 0.38 1.00 0.80 0.87 1.80 0.60 1.02 1.07 0.53 0.16 1.61 
6 2.31 0.75 0.92 4.10 1.07 0.42 1.14 0.85 1.01 1.98 0.65 1.15 1.22 0.60 0.21 1.83 
* Diet 1: 22g CP/d, 390 kcal 
   Diet 2: 24g CP/d, 390 kcal 
   Diet 3: 26g CP/d, 390 kcal 
   Diet 4: 22g CP/d, 450 kcal 
   Diet 5: 24g CP/d, 450 kcal 
   Diet 6: 26g CP/d, 450 kcal 
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Figure 9. Efficiency of protein utilization for egg production (red) and for gain (black) in broiler 
breeders fed 22g, 24g, or 26g CP/d at peak.   
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Figure 10. Efficiency of utilization for product (EM+PWgain) in broiler breeders fed 22g, 24g, 
or 26g CP/d.  
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 Table 10. Efficiency of protein utilization for egg deposition in broiler breeders as affected 
crude protein intake, energy intake, or pullet BW.  
 Efegg   Efegg 
22g 32.59  Over 28.13 
24g 29.74  Standard 30.72 
26g 25.53  Under 29.02 
SEM 0.006  SEM 0.007 
     
390 kcal 29.23    
450 kcal 29.34    
SEM 0.005    
     
     
     
Energy 0.8805    
CP <0.0001    
Energy*CP 0.3045    
GC 0.0206    
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 Table 11. Efficiency of protein utilization for lean mass gain in broiler breeders as affected 
crude protein intake, energy intake, or pullet BW. 
 Efgain   EFgain 
22g 0.0102  Over -0.002 
24g 0.0088  Standard 0.005 
26g -0.0004  Under 0.015 
SEM 0.009  SEM 0.009 
     
390 kcal 0.0132    
450 kcal -0.0008    
SEM 0.007    
     
     
     
Energy 0.1732    
CP 0.6511    
Energy*CP 0.8631    
GC 0.3934    
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 Table 12. Efficiency of protein utilization for product in broiler breeders as affected crude 
protein intake, energy intake, or pullet BW. 
 Efproduct   Efproduct 
22 33.63  Over 28.04 
24 30.77  Standard 31.28 
26 25.55  Under 30.62 
SEM 0.01  SEM 0.01 
     
390 30.64    
450 29.32    
SEM 0.0008    
     
     
     
Energy 0.2609    
CP <0.0001    
Energy*CP 0.3667    
GC 0.0603    
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Figure 11. Linear and quadratic fits of egg mass plus protein weight gain data in broiler breeders 
fed 22g, 24g, or 26g CP/d at peak.  
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Table 13. Mean product (egg mass and protein weight gain) main effects  
 EM+CPgain(g/d)  EM+CPgain (g/d) 
22g 49.50  Over 45.93 
24g 49.16  Standard 50.48 
26g 45.65  Under 47.80 
SEM 1.08  SEM 1.1 
     
390 kcal 48.14    
450 kcal 48.06    
SEM 0.89    
     
     
     
Energy 0.9669    
CP 0.0136    
Energy*CP 0.0822    
GC 0.0159    
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 Figure 12. Linear and quadratic fits of egg mass plus body weight gain data in broiler 
breeders fed 22g, 24g, or 26g CP/d at peak.  
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Table 14. Mean product (egg mass and body weight gain) main effects  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 EM+BWgain (g/d)  EM+BWgain (g/d) 
22 54.97 Over 51.60 
24 54.74 Standard 55.94 
26 50.73 Under 52.90 
SEM 1.15 SEM  
    
390 52.30   
450 54.66   
SEM 0.95   
    
    
    
Energy 0.0863   
CP 0.0189   
Energy*CP 0.3763   
GC 0.0321   
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III. Determination of lysine partitioning in broiler breeders utilizing stable isotopes 
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ABSTRACT A trial was conducted to determine how lysine is partitioned in the broiler breeder 
hen during egg production. One-hundred twenty six Cobb 700 broiler breeder hens were 
randomly assigned to one of six dietary treatments in a 2x3 fashion. Two levels of energy (390 
and 450 kcal/d) and three levels of protein (22, 24, and 26 g CP/d) were utilized. Thirty-six hens 
were administered a daily oral dose of 15 mg of 15N-Lys for a period of two weeks or until first 
egg (as appropriate). After this two week enrichment period, hens were allowed a period of two 
days in which no isotopes were given. After two days, a daily oral dose of 15mg of 2D4-Lys was 
administered until the 2nd, 3rd, and 4th egg after the initial 2D4-Lys was given, at which point, 
breast muscle was excised and snap frozen. Appropriate eggs were also saved. Muscle and egg 
samples were analyzed via GCMS for the ratio of labeled lysine to unlabeled lysine. Three time 
periods were assessed: 25, 29, and 45 wk. Results show that the vast majority (>78%) of all 
labeled lysine was found in breast muscle. In the egg, the portion of labeled lysine that was 
deposited varied by age. At wk 25 and 45, the amount of lysine that originated from skeletal 
muscle and was deposited into yolk was significantly higher than the amount deposited from the 
diet. At wk 29, diet became the major source of lysine deposited into yolk. Diet was the major 
source of lysine for albumen formation at wk 25 and 29, and an even split with skeletal muscle at 
wk 45. No difference in the partitioning of lysine was determined by energy or protein intake.   
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INTRODUCTION 
One of the challenges facing the broiler breeder industry is coping with weight gain in 
hens as they age. Genetic selection for improved growth, feed intake, and feed conversion has 
resulted in unintended consequences for egg-laying breeders. The negative impacts of weight 
gain have been well established and include double hierarchies, multiple ovulations, fatty liver, 
etc. Furthermore, muscle accretion can siphon nutrients away from egg production and 
contribute to the overall nutrient requirement. The main weapon to combat uncontrolled weight 
gain has been feed restriction: with feed only being incremented to match production 
requirements. Nevertheless, muscle accretion and fat deposition continue throughout a hen’s life.  
It has long been speculated that layers do not accrete muscle to the same capacity 
breeders do during the egg production period. A few key studies confirm this difference between 
breeders and layers. Nakashima et al. (2009) compared mRNA expression of several proteolytic 
genes in skeletal muscle of young layer and broiler chickens. It was determined that broilers 
expressed lower levels of atrogin-1/MAFbx and proteasome (20S) C2 subunit than layers: both 
of which serve a role in protein degradation. Atrogin-1/MAFbx constitutes one of the ubiquitin 
protein ligase complex SCF subunits. Jones et al. (1986) compared the fractional synthesis rate 
and calculated fractional breakdown rate of breast and leg muscle in broiler and layer chicks. 
Jones found that the fractional synthesis rate (FSR) of breast muscle was significantly higher in 
the broiler than the laying hen and to the leg muscles of both. The fractional breakdown rate 
(FBR) of breast muscle was 17% higher in layers than in broilers. Muramatsu et al., (1987, 1990) 
also reported that a decrease in the protein degradation of broilers is predominantly responsible 
for the increased protein accretion seen in broilers. 
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The influence of diet on protein turnover has recently received attention. Tesseraud et al. 
(2001) reported that broilers fed a lysine deficient diet showed higher fractional synthesis and 
fractional degradation rates compared to broilers fed a normal lysine diet. Urdanetta-Rincon and 
Leeson (2004)  showed increasing fractional synthesis rates with increasing lysine. The lowest 
level investigated by Urdanetta-Rincon was higher than the highest investigated by Tesseraud. 
Urdanetta-Rincon reported that both protein synthesis and degradation increase at levels above 
those needed for maximizing growth. How changes to protein turnover affect the dynamics of 
egg production are still relatively unknown. What is known is that increasing protein intake 
increases egg size, although at the expense of egg numbers.  
Understanding the role of skeletal tissue in broiler breeders will prove critical for 
management, nutritional, and genetic decisions. The purpose of this study is to determine how 
two different isotope-labeled lysine, representing endogenous and dietary lysine, are partitioned 
into breast muscle and egg components, as well as determining the effects of energy and protein 
intake on partitioning.  
 
MATERIALS AND METHODS 
 
Stock and Management 
A flock of 450 Cobb 700 breeder pullets were reared to a 20% over Cobb standard. The 
Cobb Breeder Management Guide (Cobb-Vantress, 2008) was used as a reference for all 
management conditions. The flock was placed in 2.38 m X 1.83 m floor pens and fed ad libitum 
for the first 2 wk. From 2 to 4 wk, all birds were fed restricted amounts of feed every day. From 
4 wk onward, all birds were fed on a skip-a-day regimen. Feed allocation was based on breeder 
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recommended guidelines to reach target BW. Birds were weighed weekly by pen and feed 
allocation adjusted to ensure target BW was met. At 21 wk, 126 birds were transferred to a 
production house and individually caged. Cages (47 cm high, 30.5 cm wide, 47 cm deep) were 
each equipped with an individual feeder and nipple drinker. All breeders were put on an 
everyday feeding system. Hens were randomly assigned to a treatment in a 2x3 factorial 
arrangement (energy x protein). The two energy levels utilized were 390 and 450 kcal, and the 
three protein intakes were 22, 24, and 26g/d at peak intake. Composition of experimental diets 
can be seen in Table 1.  
Thirty-six hens (6 per treatment) were administered a 15mg oral dose of 15N-Lys 
(Cambridge Isotopes, Andover, MA) daily beginning at wk 23; six additional hens did not 
receive any 15N-Lys to serve as controls. At first egg, administration of 15N-Lys ceased and a 
daily 15mg oral dose of 2D4-Lys (Cambridge Isotopes, Andover, MA ) began. The 15N-Lys was 
utilized as a breast muscle marker, whereas the 2D4 Lys was utilized as a dietary marker. When 
the second egg (2nd egg) was laid, twelve hens were slaughtered and the left Pectoralis muscle 
was excised and snap frozen in liquid nitrogen. Eggs were broken out and the yolk separated 
from the albumen. Both muscle and egg contents were stored at -20° C. After the third egg (3rd 
egg), another twelve hens and eggs were sampled as described. Finally, after the fourth egg (4th 
egg), the remaining twelve hens and eggs were sampled as described. The process was repeated 
beginning at wk 27 and then again at wk 43 with slight variations. At wk 27 and 43, an oral dose 
of 15N-lysine was administered daily for a two week period. After two weeks, 15N-Lys 
administration ceased and a two-day rest period ensued. After two days, 2D4-Lys administration 
commenced. Hens were sampled as previously described.  
Sample Processing and Derivitization 
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A 0.5g sub-sample of yolk and albumen and 1g sub-sample of breast muscle were, 
respectively, hydrolyzed in 6N HCl. Samples were centrifuged at 3,000 x g and the supernatant 
separated into a new vial. The supernatant was then run through an ion-exchange column packed 
with Dowex 50WX8-200. Lysine was eluted with 2ml of 4N NH4OH and 1ml of nanopure H2O 
into a new vial and dried under vacuum. The tert-butyldimethylsilyl (tBDMS) derivative was 
formed by addition of 800 µl of C2CH3CN-MTBSTFA (1:1) and incubation at 110° C for 60 
min.  
GC/MS Analysis 
Analysis was carried out on an Agilent 7890A GC system attached to an Agilent 5975C 
mass spectrometer. Helium was used as the carrier gas at 1 ml/min; a 1 µl volume was injected in 
splitless mode. Starting oven temperature was 150° and increased 50° C/min to 200°, after which 
temperature was increased 20° C/min to 270° C and held for 5.5 min. The mass spectrometer 
was operated under EI and SIM modes. The 488, 489, and 492 m/z fragments, representing the 
M, M+1, and M+4 fragments, were monitored. The retention time for lysine was 5.487 min. 
Molar excess of isotopic enrichment (MPE) was calculated as follows: 
MPE= R/(1+R)  
where R is calculated as: 
(M+n)/Msample – (M+n)/Mnatural 
The distribution of markers in the egg was calculated as: 
 Marker1 / (Marker1 + Marker2)  
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RESULTS 
During the 23-25 wk period, the overall molar percent excess of 15N lysine across 
treatments in breast muscle did not significantly increase from the second to the fourth egg 
(Figure 1). The molar percent excess of 2D4 lysine in breast muscle also did not significantly 
differ from the second to the fourth egg (0.04% at the second egg to the fourth egg). Orthogonal 
contrasts showed that MPE of 15N, as well as 2D4, in albumen, were significantly higher from 
the second to the fourth eggs compared to a first egg. Neither energy nor protein intake 
influenced MPE of either marker in breast muscle (Table 2). The same held true for MPE of both 
markers in albumen and yolk. No interaction effects were seen. Looking exclusively at the 
markers found in the egg, the albumen consisted of 28.57% muscle marker and 71.43% diet 
marker. The yolk consisted of 86.58% muscle marker and only 13.42% diet marker (Figure 4).  
During the 27-29 wk period, MPE of muscle marker in the breast did not differ between 
eggs (Figure 2). Similar findings were also seen for the diet marker. Furthermore, MPE of 
muscle and diet marker did not differ between eggs in albumen or yolk. Orthogonal contrasts 
revealed that only the diet marker from the yolks from the second through the fourth egg differ 
from a first egg at the same time period. Again, neither energy nor crude protein intake affected 
MPE of either marker in albumen, yolk, or breast muscle. No interaction effects were seen 
(Table 2). Of the markers in the egg, albumen consisted of 32.47% muscle marker and 67.53% 
diet marker. The yolk consisted of 15.43% muscle marker and 84.57% diet marker (Figure 4).  
During the 43-45 wk period, MPE of muscle marker in the breast did not differ between 
eggs (Figure 3). Similar findings were seen for the diet marker in the breast. Again, no 
differences were noted between eggs in the MPE of either marker in albumen or yolk (Table 2). 
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Of the markers in the egg, albumen consisted of 53.38% muscle marker and 46.62% diet marker. 
The yolk consisted of 90.34% muscle marker and 9.66% diet marker (Figure 4).  
 
DISCUSSION 
 Early research into the protein dynamics of laying hens by Hiramoto et al. (1990) looked 
into changes in protein synthesis in the liver and oviduct as an ovum passes through the 
magnum. The group found no changes in liver protein synthesis but noted differences in protein 
synthesis in the oviduct when the ovum was in the magnum. Gruhn and Hennig (1984) looked at 
the incorporation of 15N-Lysine into egg components of laying hens. They showed that 10.1% of 
the total 15N from lysine was found in the yolk, whereas 10.5% of the total was found in 
albumen. Of the total amino acid 15N in the egg: 85% from the yolk and 86% from the albumen 
was found to originate from lysine 15N. The broiler breeder data reported herein suggests a large 
role of skeletal tissue in protein utilization.  
During early lay, there appears to be a large reliance on skeletal tissue for yolk formation 
(87%) but not albumen formation (29%). Gruhn and Hennig found higher levels of 15N, from 
dietary labeled lysine, in yolk compared to albumen, however, this increase tapered off. They 
speculated that 15N deposited into follicles early during the enrichment process were found in 
the yolk: whereas, feed amino acids are utilized in the synthesis of albumen proteins. The protein 
found in the yolk is typically synthesized by the liver and continuously accumulates in the ovum. 
On the other hand, albumen proteins are synthesized in the oviduct during the roughly 3 hr 
period that the ovum is in the magnum. Availability of amino acids during that period may 
impact albumen weight (Penz and Jensen, 1991). As breeders reach peak production, dietary 
lysine is primarily utilized for both yolk (85%) and albumen (67%) formation. This is most likely 
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due to the high rate of production (~85%) during this period. The remaining (unused) labeled 
lysine, which constituted the majority of fed labeled lysine, was found in skeletal tissue. No less 
than 78% (27-29 wk) of all labeled (15N and 2D4) lysine was found in skeletal tissue with values 
reaching as high as 96% of total (23-25 wk). The 20% of all label found in the egg reported by 
Gruhn and Hennig in laying hens matches the distribution found in breeders at 27-29 wk. When 
egg production declined, as it does during the 43-45 wk period, the reliance on skeletal reserves 
for yolk formation increased to levels similar to that seen during the 23-25 wk period. A 
comparison of the present study with the fractional degradation rates and expression of 
proteolytic genes reveal significant correlations (Ekmay et al., 2011). It would appear that two 
things are occurring. First, lysine is directed primarily towards skeletal tissue. Second, the extent 
to which dietary lysine is partitioned to skeletal tissue or egg formation is dependent on the rate 
of egg production.   
Research has shown that the energy requirements of breeders is dependent on pullet 
weight (Salas et al., 2010) Utilizing 20% under standard, standard, and 20% over standard pullet 
growth curves, Salas reported requirements to be 390 kcal for “under” and standard breeders and 
450 kcal for “over” breeders. One factor that was not considered in establishing energy 
requirements was protein.  Reports have shown that crude protein, but not energy, increases body 
weight gain (ref?). Nutritionists have ventured away from recommendations that utilize CP 
requirements and instead utilize the ideal protein concept. However, assuming ideal amino acid 
ratios, crude protein intakes may impact growth as well as protein dynamics differently at 
different energy intakes. It would be hypothesized that increasing crude protein intake would 
lead to a greater proportion of amino acids deposited into either skeletal muscle or egg. Joseph et 
al. (2000) reported that increasing CP intake from 21.3 to either 23.4 or 26.6g per day (at peak, 
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144g) during pre-lay and early lay in Cobb 500 broiler breeders increased egg weight and 
albumen weight, but did not increase BW. Authors indicated that above 21.3g, additional protein 
is partitioned towards reproduction. However, in the present study, energy and protein intake did 
not affect the partitioning of lysine at any time period. The proportion diverted towards egg 
production and the proportion diverted towards skeletal muscle remained constant. Under this 
scenario, both egg weight and BW would increase with higher protein intakes. Indeed, increases 
in both are typically seen in the field.  
In summary, skeletal tissue is an active reservoir of lysine that contributes a large 
proportion of lysine needed for egg formation. Furthermore, changes in energy and protein 
intakes do not alter the proportion of lysine utilized by the broiler breeder.  
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Table 1. Diet composition of breeder diets formulated to achieve either 390 or 450 kcal and 22, 
24, or 26g of CP at peak intake.  
 390 kcal 450 kcal 
 22g 24g 26g 22g 24g 26g 
Corn 50.06 45.33 40.60 59.84 55.74 51.65 
Soybean Meal 26.77 30.80 34.83 20.41 23.91 27.39 
Limestone 9.05 9.04 9.03 7.89 7.88 7.88 
Poultry Fat 6.75 7.47 8.18 4.72 5.34 5.96 
Wheat Midds 5.00 5.00 5.00 5.00 5.00 5.00 
Dicalcium phosphate 1.16 1.14 1.12 0.95 0.93 0.91 
Salt 0.32 0.32 0.32 0.32 0.32 0.32 
Methionine 0.21 0.24 0.27 0.16 0.19 0.21 
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20 
Vitamin premix1 0.20 0.20 0.20 0.20 0.20 0.20 
Choline chloride 0.12 0.10 0.08 0.14 0.13 0.11 
Trace minerals2 0.08 0.08 0.08 0.08 0.08 0.08 
Copper sulfate 0.05 0.05 0.05 0.05 0.05 0.05 
Selenium premix 0.02 0.02 0.02 0.02 0.02 0.02 
Ethoxyquin 0.02 0.02 0.02 0.02 0.02 0.02 
       
ME (kcal/kg) 3664 3684 3705 3608 3625 3642 
AMEn (kcal/kg) 2973 3035 3047 2853 2907 2953 
CP%, calculated 20.68 22.67 24.7 17.64 19.33 21.04 
CP%, analyzed3 20.20 22.30 23.38 17.93 18.51 21.16 
Crude fat % 8.95 9.54 10.13 7.19 7.71 8.22 
Calcium % 3.59 3.59 3.59 3.59 3.59 3.59 
Total Phosphorus % 0.59 0.59 0.59 0.59 0.59 0.59 
Available Phosphorus % 0.35 0.35 0.35 0.35 0.35 0.35 
DM% 90.6 91.5 91.1 89.8 89.7 91.7 
1 Provided per kg of diet: Vitamin A, 13200 IU; Vitamin E, 66 IU; Vitamin D3, 4950 ICU; Niacin, 74.25 mg; D-
panthothenic acid, 33 mg; Riboflavin, 19.8 mg; Pyridoxine, 5000 mg; Thiamine, 3.3 mg; Menadione, 3.3 mg; Folic 
acid, 3.3 mg; Biotin, 0.33 mg; Vitamin B12, 0.0297  
2 Provided per kg of diet: Mn, 180 mg; Zn, 150.6 mg; Fe, 20.16 mg; Cu, 2.04 mg; I, 1.26 mg; Se, 0.3 mg  
3 Corrected to DM% 
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Figure 1. Changes in molar percent excess (MPE) of 15N- and 2D4-Lys, respectively, in 
the albumen, yolk, and breast muscle of 25 wk old broiler breeders.  
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Figure 2. Changes in molar percent excess (MPE) of 15N- and 2D4-Lys, respectively, in 
the albumen, yolk, and breast muscle of 29 wk old broiler breeders. 
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Figure 3. Changes in molar percent excess (MPE) of 15N- and 2D4-Lys, respectively, in 
the albumen, yolk, and breast muscle of 45 wk old broiler breeders 
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Figure 4. Source of labeled lysine in albumen and yolk of broiler breeder hens at three 
different ages.  
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Table 2. Probability values of molar percent excess (MPE) of 15N- and 2D4-Lys in albumen, yolk, 
and breast muscle as affected by energy and crude protein intake 
 Albumen Yolk Muscle 
 15N 2D4 15N 2D4 15N 2D4 
 25 wk 
Energy 0.2107 0.673 0.459 0.423 0.1305 0.0915 
CP 0.1837 0.4034 0.8256 0.8484 0.2978 0.8387 
Energy*CP 0.1315 0.2931 0.6815 0.7295 0.6833 0.632 
       
 29 wk 
Energy 0.4385 0.1011 0.6444 0.5484 0.4351 0.72 
CP 0.7532 0.7762 0.8646 0.7119 0.2814 0.1927 
Energy*CP 0.5277 0.6235 0.8478 0.1879 0.3616 0.2812 
       
 45 wk 
Energy 0.4525 0.136 0.4325 0.9186 0.9403 0.3494 
CP 0.9537 0.1606 0.2631 0.6494 0.6878 0.8003 
Energy*CP 0.9512 0.7574 0.7067 0.2138 0.9261 0.1818 
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IV. The effects of age, energy and protein intake on protein turnover and the expression 
of proteolytic-related genes 
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ABSTRACT Two trials were conducted to determine the changes that occur to fractional 
synthesis and degradation rates, and the corresponding changes to proteolysis-related genes due 
to crude protein and energy intake. One hundred and twenty Cobb 700 broiler breeders were 
randomly assigned to one of six experimental diets in a 2x3 factorial fashion. Two levels of 
energy (390 and 450 kcal/d) and three levels of protein (22,24, and 26g CP/d) were utilized. Ten 
hens per treatment were given an intravenous flooding-dose of 15N-Phe at 10 ml/kg. After 10 
minutes, birds were slaughtered and the breast muscle excised and snap frozen in liquid nitrogen. 
Protein turnover was determined at wk 20, 26, 31, and 44. Relative expression of calpain 2, 
proteasome C2 subunit, and F box protein 32 were determined via RT-PCR at wk 20, 26, and 44. 
Results indicate that there is an upregulation of protein degradation during the periods of low egg 
production. There is no difference in degradation between wk 20 and peak production but an 
increase in degradation thereafter. There is also an overall drop in synthesis rates from wk 20 to 
peak production, before a rise at wk 44. The ubiquitin-proteasome pathway appears to be 
responsible for the changes in degradation observed. A significant drop in proteasome C2 
subunit and F-box protein was seen between wk 26 and 44. However, no differences in the 
expression of calpain were observed. Furthermore, no differences were detected in the levels of 
fractional synthesis and degradation rates, or the expression of calpain, proteasome, and F box 
protein, due to protein or energy intake. In summary, fractional degradation rates are upregulated 
coming into production but decrease rates of egg production. The observed changes in 
degradation appear to be mediated by the ubiquitin-proteasome pathway.         
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INTRODUCTION 
Selection for improved growth, feed intake, and feed conversion in broilers has created a 
unique set of issue for the broiler breeder industry. A bird that has been created for muscle 
accretion is then utilized for egg laying. As such, there remain difficulties in controlling adult 
body weight and maximizing nutrient efficiency for egg formation rather than body weight gain. 
Controlling the body weight of broiler breeders during the laying phase has been of considerable 
struggle. An inability to control body weight can lead to double hierarchies, multiple ovulations, 
fatty liver, etc. Furthermore, muscle accretion can siphon nutrients away from egg production 
and contribute to the overall nutrient requirement. However, the role of skeletal tissue in broiler 
breeders needs to be better understood. It has been speculated that the role of skeletal muscle in 
broiler breeders differs from the role in commercial laying hens. More specifically, broilers or 
fast growing lines exhibit lower rates of protein degradation (Muramatsu et al., 1987, Maruyama 
et al., 1978, Tesseraud et al., 2000). However, the differences elucidated in previous studies have 
typically focused on young chicks. Jones et al. (1986) compared the fractional synthesis rate and 
calculated fractional breakdown rate of breast and leg muscle in broiler and layer chicks. Jones 
found that the fractional synthesis rate (FSR) of breast muscle was significantly higher in the 
broiler than the laying hen and to the leg muscles of both. The fractional breakdown rate (FBR) 
of breast muscle was 17% higher in layers than in broilers. Furthermore, it is a decrease in the 
protein degradation of broilers that is predominantly responsible for the increased protein 
accretion seen in broilers (Muramatsu et al., 1987, 1990). However, these comparisons have been 
made almost exclusively in the young growing bird, and few studies on the differences in protein 
turnover between mature broiler breeders and caged layers exist. It would provide valuable 
insight into the role of skeletal tissue during the egg laying process if such studies were 
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performed. It is generally believed that ks decreases with age (Lobley, 1993, Tesseraud et al., 
1996). However, there has been a mixed message in regards to protein turnover in fast-growing 
birds versus slow-growing birds. Several authors have found lower fractional synthesis rates in 
fast-growing birds. The typical explanation for this phenomenon has centered on a concurrent 
decrease in fractional degradation rates. Tesseraud et al. (2000) reported that differences in the 
fractional degradation rates between fast-growing and slow-growing birds are observed in young 
birds but not older ones. Among the regulators of protein turnover, amino acids play a critical 
role. Leucine and isoleucine was found to suppress protein degradation by regulation of the 
ubiquitin-proteasome pathway in 1wk old chicks (Nakashima et al., 2005). Also, branched chain 
amino acids (BCAA) together have been shown to stimulate protein synthesis and suppress 
protein degradation. The purpose of this experiment is to determine protein turnover rates for 
broiler breeders during the production period and assess the role of skeletal muscle during this 
period.  
A decrease in calpain activity and an increase in calpastatin in breast muscle has been 
attributed to some of the differences observed between broiler and layer chicks (Schreurs et al., 
1995). The activities of the cathepsins were found to be similar between broilers and layers 
(Saunderson and Leslie, 1989). Nakashima et al. (2009) looked at the expression of several 
proteolytic-related genes in broiler and layer chicks and found lower expression of the 
proteasome C2 subunit and lower expression of atrogin-1/MAFbx. However, they did not find 
any differences in calpain expression. Atrogin-1 is an E3 ubiquitin ligase and is also referred to 
as MAFbx or muscle atrophy F-box. It is part of the ubiquitin-proteasome pathway of protein 
degradation. Harper et al. (1999) measured the expression of polyubiquitin mRNA and the 
conjugation of ubiquitin. They determined that the rate of protein degradation in broilers and 
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layers was not controlled by either ubiquitin expression or conjugation. However, the authors did 
not rule out possible regulation by the 26S proteasome.  
Short-term variation in dietary lysine has been shown to alter expression of several 
proteolytic genes. Tesseraud et al. (2008) showed that m-calpain, cathepsin B, E3 ubiquitin 
ligases muscle ring finger-1, and muscle atrophy F box were significantly over-expressed in 10-
24 d chickens fed 70% of recommended lysine levels. Nakashima et al. (2006) also found that 
fasting chicks for 24h increased expression of atrogin-1 mRNA.  However, no differences were 
found in calpain expression due to early starvation (Mozdziak et al., 2002). Helman et al. (2003) 
reported a more intense band of a calpastatin isoform in dogs fed 28% CP with chicken as the 
protein source, rather then corn gluten meal. A complete understanding of the genetic 
mechanisms underlying the differences between broilers and layers remains a goal. Even more 
uncertain is the understanding of what occurs in older birds. The purpose of this study is to 
determine the expression of genes related to proteolysis in breeders during the production period.  
 
MATERIALS AND METHODS 
Stock and Management 
A flock of 100 Cobb 700 breeder pullets were reared to a Cobb standard growth curve. 
The Cobb Breeder Management Guide (Cobb-Vantress, 2005) was used as a reference for all 
management conditions. The flock was placed in 2.38 m X 1.83 m floor pens and fed ad libitum 
for the first 2 wk. From 2 to 4 wk, all birds were fed restricted amounts of feed every day. From 
4 wk onward, all birds were fed on a skip-a-day regimen. Feed allocation was based on breeder 
recommended guidelines to reach target BW. Birds were weighed weekly by pen and feed 
allocation adjusted to ensure target BW was met. At 21 wk, 90 birds were transferred to a 
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production house and individually caged. Cages (47 cm high, 30.5 cm wide, 47 cm deep) were 
each equipped with an individual feeder and nipple drinker. All breeders were put on an 
everyday feeding system. Hens were randomly assigned to a treatment in a 2x3 factorial 
arrangement (energy x protein). The two energy levels utilized were 390 and 450 kcal, and the 
three protein intakes were 22, 24, and 26g/d at peak intake.  
Protein Turnover 
At 31 wk, five birds per treatment were given an intravenous flooding dose of 15N-Phe. A 
100 mM, 25 atom percent excess 15N-Phe solution was prepared from 15N-Phe, 98% (Cambridge 
Isotopes). Dosing was given at 10 ml/kg BW. After a 10 min incorporation period, plasma was 
collected from birds. Birds were slaughtered and muscle samples were collected and 
immediately frozen in liquid nitrogen. Total excreta was collected for a three-day period and 
frozen. This process was repeated at 44 wk. A second flock of Cobb 700 birds (10 birds per time 
point) and a third flock of Cobb 500 birds (5 birds per time point) was utilized and this process 
was repeated under identical conditions at 20 and 26 wk (flock 2) and 21, 23, 25, and 27 wk 
(flock 3) to capture changes during the transition into sexual maturity and peak production. 
However, no protein or energy treatments were assigned.  
Sample Processing and Derivitization 
The acid-soluble fraction containing free amino acids was removed by addition of 2% 
(w/v) perchloric acid. After homogenization, samples were centrifuged at 3,000 x g and the 
supernatant, containing free amino acids, removed. The protein precipitate was washed three 
times with 2% perchloric acid before being hydrolyzed in 6N HCl. The supernatant and 
precipitate, respectively, were then run through an ion-exchange column packed with Dowex 
50WX8-200. Phenylalanine and 3-methylhistidine (3-MH) was eluted with 2ml of 4N NH4OH 
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and 1ml of nanopure H2O into a new vial and dried under vacuum. The tert-butyldimethylsilyl 
(tBDMS) derivative was formed by addition of 800 µl of C2CH3CN-MTBSTFA (1:1) and 
incubation at 110° C for 60 min. Excreta was processed without the removal of the acid-soluble 
fraction.  
 
GC/MS and GC-C-IRMS analysis 
Analysis of the protein precipitate of breast and liver samples was carried out on an 
Agilent 7890A GC system attached to an Agilent 5975C mass spectrometer. Helium was used as 
the carrier gas at 1 ml/min; a 1 µl volume was injected in splitless mode. Starting oven 
temperature was 150° and increased 50° C/min to 200°, after which temperature was increased 
20° C/min to 270° C and held for 5.5 min. The mass spectrometer was operated under EI and 
SIM modes. The 393, 394, and 395 m/z fragments, representing the M-1, M, and M+1 fragments 
of phenylalanine, were monitored. Analysis of free amino acids was carried out on a GC-
combustion-isotope ratio mass spectrometer (Hydra 20-20, Sercon, Cheshire, UK).  
3-MH was determined on the same mass spectrometer. Helium was used as the carrier 
gas at 1 ml/min; a 1 µl volume was injected in splitless mode. Starting oven temperature was 
110° and held for 0.65 min, then temperature was increased 30° C/min to 250°, and held for 10 
min. The mass spectrometer was operated under EI and SIM modes. The 238 and 239 m/z 
fragments of 3-MH were monitored. 
Fractional synthesis rate was calculated as: 
ks = APEb/APEf x 1/t x 100 
Where APEb, =15N atom percent excess (relative to natural abundance) of phenylalanine in 
protein 
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APEf= 15N atom percent excess of free phenylalanine in tissues, assumed as the  
precursor pool 
t = time [d].  
Fractional degradation rate was calculated as: 
kd = 3-MH daily excretion/3-MH muscle pool x 100 
The fractional degradation rate of third flock was calculated as the difference (Kang et al, 1983) 
between ks and kg (fractional growth rates of breast muscle). Body weights and breast muscle 
(pectoralis thoracica) size/weights were taken from five birds (for each week) at 22, 23, 24, 25 
and 26 weeks of age. Protein content was determined in muscle tissue. The kg was estimated 
based on the regression of muscle protein content against time (week). The kg values indicate the 
proportion of protein accumulated per unit time. 
 
Gene Expression 
Ten hens were slaughtered at 20 wk, and the left pectoralis muscle excised and frozen in 
liquid nitrogen. At first egg (25 wk), five birds per treatment group were also slaughtered and 
breast muscle excised and immediately frozen in liquid nitrogen. This process was repeated at 44 
wk.  
 
Sample Processing 
 Total RNA was extracted from muscle tissue using Aurum Total RNA fatty and fibrous 
tissue kits (Bio-Rad Laboratories, Inc., Hercules, CA). Complementary DNA was synthesized 
from 40 ng/µl RNA using High Capacity RNA-to-cDNA Master Mix (Life Technologies, 
Carlsbad, CA). Amplification conditions were 65°C for 5 min, 37°C for 52 min, and 70°C for 15 
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min. RNA and DNA was quantified using a Nanodrop 1000 spectrophotometer 
(ThermoScientific, Wilmington, DE). Relative expression was measured utilizing Taqman assay 
kits (Invitrogen, Carlsbad, CA) for calpain 2 (CAPN2, NM_205080.1), atrogin-1/MAFbx 
(FBXO32, NM_001030956.1), and proteosome subunit (PSMA1, NM_205020.1), and 
Eukaryotic 18S (18S) as an internal control. The amplicon length for CAPN2, FBXO32, and 
PSMA1 were 72, 69, and 74, respectively.  
 
RESULTS 
 The fractional synthesis rate (ks) was not statistically impacted by energy or protein intake 
at any time period. The fractional synthesis rate significantly dropped from 26 wk to 31 wk and 
44 wk in flocks 1 and 2 and from 21 wk to 23 wk and 25 wk in flock 3. Both linear and quadratic 
fits were determined for ks and kd by week. The fractional degradation rates at 44 wk and 26 wk 
were higher than at 20 wk and 31 wk (flocks 1 and 2). The changes to fractional degradation 
rates by age from flock 3 matched those found in flocks 1 and 2. The fractional degradation rate 
(kd) was not impacted by energy or protein intake at any time period.  
 No protein or energy differences were determined in the relative expression of CAPN2, 
FBXO32, and PSMA1 at wk 25 or 44. Overall expression of CAPN2 and FBXO32, 132.17 and 
187.45, respectively, were significantly higher (P<0.0001) than levels of PSMA1, 55.23. Also, 
overall gene expression decreased with age (P<0.0001). No significant differences in the 
expression of CAPN2 by age were determined. Expression of FBXO32 was significantly lower 
at wk 44 than at wk 20 and 25, and expression of PSMA1 was also significantly lower at wk 44 
than at wk 20 and 25. The expression of FBXO32 and PSMA1 can also be described by a 
quadratic and linear function, respectively.  
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DISCUSSION 
 Ekmay et al. (2011) postulated that skeletal muscle serves a significant source of amino 
acids for egg formation. Utilizing stable isotope tracers, the researchers found that the majority 
of dietary amino acids are partitioned towards muscle accretion and skeletal muscle serves as a 
significant source of amino acids for yolk formation. This reliance on skeletal tissue was most 
pronounced during early lay and at wk 45, but not at peak production. The fractional degradation 
rates in the present study reveal a significant positive correlation between fractional degradation 
rates and the skeletal muscle tracers in the yolk (data not shown). The present study shows 
decreases in fractional synthesis rates up until wk 44. Salas et al. (2010) and Ekmay et al. (2011) 
reported an increase in lean mass gain after wk 45, therefore the observed increase in FSR is in 
line with observed lean mass gains. Manangi and Coon (2007) reported that the fractional 
synthesis rate (ks) of muscle in breeders decreases from 22 to 26 wk; whereas, the fractional 
degradation rate (kd) increases during the same period. The authors suggested that there is 
increased mobilization of skeletal muscle for egg formation. The degradation rates in the present 
study suggest that this may be the case.   
 Tesseraud et al. (2001) reported that broilers fed a lysine deficient diet showed higher 
fractional synthesis and fractional degradation rates compared to broilers fed a normal lysine 
diet. Urdanetta-Rincon and Leeson (2004) showed increasing fractional synthesis rates with 
increasing lysine. They report that both protein synthesis and degradation increase at levels 
above those needed for maximizing growth. Kita et al (1996) reported that the fractional 
synthesis and absolute synthesis rates of chick breast muscle increase linearly to 20% CP: 
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although decreases in FSR and ASR were observed between 20%-60% CP. In humans, however, 
it was determined that an excess level of protein intake did not significantly alter whole-body 
protein synthesis (Motil et al., 1981). The greatest effect of additional protein appears to be in 
severely deficient diets. Even the addition of solely methionine and arginine to a protein-free diet 
improved nitrogen balance, whole-body protein synthesis and degradation (Muramatsu and 
Okumura, 1979, 1981, Muramatsu et al., 1986). 
 Much of the focus on the proteolytic systems in poultry has been in accounting for the 
differences between layers and the growing broiler. Nakashima et al. (2009) found lower 
expression of the proteosome C2 subunit and lower expression of atrogin-1/MAFbx in broilers 
than in layers at 7d and 14d. Such a result may implicate the ubiquitin-proteosome pathway as 
the key regulation product of protein turnover.  
 The present study shows that regulation of F-box protein may account for the changes in 
protein turnover observed in broiler breeders. F-box protein 32 is involved in the process of 
protein ubiquitination. Ubiquitination tags a protein for degradation by the proteosome as part of 
the ubiquitin-proteosome pathway of proteolysis. An increase in the amount of proteins being 
tagged for degradation would help explain how amino acids are liberated for yolk formation. 
However, the expression of the proteosome and calpain 2 did not necessarily match this 
explanation. One would expect that an upregulation of the proteosome would also occur to match 
the increase in the amount of protein that needs to be broken down. Neither the proteosome nor 
calpain were upregulated from prelay levels to correlate to the rise in F-box expression.  
 Huang and Forsberg (1998) indicated that calpains play a significant role in protein 
degradation in muscle cells. They report that over-expression of dominant-negative m-calpain 
and calpastatin inhibitory domain reduced the protein degradation by as much as 63% in vitro. 
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Some authors, however, suggest that the calpains do not contribute more than 15-20% of total 
protein breakdown in muscles and are not responsible for myofibrillar breakdown (Attaix et al., 
1998). Although the calpains are not able to degrade actin and myosin fibers they can be best 
thought of as initiators of myofibrillar protein degradation, capable of degrading a host of 
myofibrillar proteins such as fibrin, tropomyosin, titin, nebulin, and others.  
Thrower et al. (2000) revealed that tetraubiquination is the minimum signal for effective 
proteasomal targeting. Such a scenario would not necessitate the upregulation of the proteosome, 
rather by increasing substrate affinity an increase in protein degradation can be accomplished. 
This would also allow for the sparing of energy costly changes to the much larger proteosome 
than for recyclable ubiquitin molecules. Although white muscle fibers have a high calpain to 
calpastatin ratio, red muscle fibers express much higher levels of calpain and calpastatin. Yet, 
white muscle fibers are primarily degraded. Targeting changes in calpastatin may more 
accurately reflect the ability of calpain to degrade proteins.  
 No changes to the expression of calpain 2, F-box protein, and proteosome were observed 
due to changes in crude protein or energy intake. Yet, it has been well established that the 
presence of amino acids stimulates protein synthesis. It has been speculated that  higher 
cysteine:methionine ratios increase muscle mass, or possibly decrease protein degradation 
(Droge and Holm, 1997, Lands et al., 1999). However, the genetic regulation of protein turnover 
has not been well investigated. Furthermore, the amino acid or protein ranges utilized for such 
studies are often suboptimal. Nevertheless, studies such as that performed by Tessearaud et al. 
(2008) reveal the impact of amino acids on the genetic regulation of protein turnover. Tesseraud 
reported higher levels of expression of cathepsin B, m-calpain, and E3 ubiquitin ligases Muscle 
Ring Finger-1 and Muscle Atrophy F box when chicks were intermittently fed 70% of standard 
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lysine levels. Nakashima et al. (2006) also found that fasting chicks for 24h increased expression 
of atrogin-1 mRNA.  Such reports would suggest that even mildly deficient diets of key amino 
acids results in the upregulation of processes involved in catabolism of protein. Ekmay et al. 
(2011), varying CP intake from 22-26g CP/d and energy intake from 390-450 kcal/d, showed no 
differences in the partitioning of lysine or in the fractional degradation rate of muscle in broiler 
breeders. The present study mimicked those dietary levels and presented similar results. Bunn et 
al. (2011) found that in humans, the addition of a protein and amino acid solution to supplement 
the normal diet did not result in changes to the expression of calpain or ubiquitin systems, 
myostatin, TNF-α, or NF-κB. It would appear that levels above the requirement do not 
significantly alter proteolysis but may be correlated to age and/or production.  
 In summary, ubiquitin appears to be the main regulation point for which changes to 
protein turnover occur. Levels of the main proteolytic enzymes, calpain 2 and proteosome, do 
not appear to be the source of changes in protein turnover, nor are they influenced by diets above 
optimal levels.  
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Table 1. Diet composition of breeder diets formulated to achieve either 390 or 450 kcal and 22, 
24, or 26g of CP at peak intake.  
 
 390 kcal 450 kcal 
 22g 24g 26g 22g 24g 26g 
Corn 50.06 45.33 40.60 59.84 55.74 51.65 
Soybean Meal 26.77 30.80 34.83 20.41 23.91 27.39 
Limestone 9.05 9.04 9.03 7.89 7.88 7.88 
Poultry Fat 6.75 7.47 8.18 4.72 5.34 5.96 
Wheat Midds 5.00 5.00 5.00 5.00 5.00 5.00 
Dicalcium phosphate 1.16 1.14 1.12 0.95 0.93 0.91 
Salt 0.32 0.32 0.32 0.32 0.32 0.32 
Methionine 0.21 0.24 0.27 0.16 0.19 0.21 
Sodium bicarbonate 0.20 0.20 0.20 0.20 0.20 0.20 
Vitamin premix1 0.20 0.20 0.20 0.20 0.20 0.20 
Choline chloride 0.12 0.10 0.08 0.14 0.13 0.11 
Trace minerals2 0.08 0.08 0.08 0.08 0.08 0.08 
Copper sulfate 0.05 0.05 0.05 0.05 0.05 0.05 
Selenium premix 0.02 0.02 0.02 0.02 0.02 0.02 
Ethoxyquin 0.02 0.02 0.02 0.02 0.02 0.02 
       
ME (kcal/kg) 3664 3684 3705 3608 3625 3642 
AMEn (kcal/kg) 2973 3035 3047 2853 2907 2953 
CP%, calculated 20.68 22.67 24.7 17.64 19.33 21.04 
CP%, analyzed3 20.20 22.30 23.38 17.93 18.51 21.16 
Crude fat % 8.95 9.54 10.13 7.19 7.71 8.22 
Calcium % 3.59 3.59 3.59 3.59 3.59 3.59 
Total Phosphorus % 0.59 0.59 0.59 0.59 0.59 0.59 
Available Phosphorus % 0.35 0.35 0.35 0.35 0.35 0.35 
DM% 90.6 91.5 91.1 89.8 89.7 91.7 
1 Provided per kg of diet: Vitamin A, 13200 IU; Vitamin E, 66 IU; Vitamin D3, 4950 ICU; Niacin, 74.25 mg; D-
panthothenic acid, 33 mg; Riboflavin, 19.8 mg; Pyridoxine, 5000 mg; Thiamine, 3.3 mg; Menadione, 3.3 mg; Folic 
acid, 3.3 mg; Biotin, 0.33 mg; Vitamin B12, 0.0297  
2 Provided per kg of diet: Mn, 180 mg; Zn, 150.6 mg; Fe, 20.16 mg; Cu, 2.04 mg; I, 1.26 mg; Se, 0.3 mg  
3 Corrected to DM% 
 
 
Table 2. The fractional synthesis rates of broiler breeder hens at 4 time periods (flock 1 and 2) as 
affected by protein and energy intake. 
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Table 3. The fractional degradation rates of broiler breeder hens at 4 time periods (flock 1 and 2) 
as affected by protein and energy intake. 
Ks 20 wk 26 wk 31 wk 44 wk 
22 wk NA NA 5.09 3.61 
24 wk NA NA 5.44 4.2 
26 wk NA NA 5.07 2.25 
SEM   2.44 1.11 
     
390 kcal NA NA 5.37 3.12 
450 kcal NA NA 5.03 3.59 
SEM   1.95 1.23 
     
CP NA NA 0.6910 0.7535 
Energy NA NA 0.2226 0.2357 
CP*Energy NA NA 0.3181 0.2320 
Kd 20 wk 26 wk 31 wk 44 wk 
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Figure 1. Changes in the fractional synthesis rate of broiler breeder hens with age 
 
22 wk NA NA 6.60 10.54 
24 wk NA NA 5.78 13.53 
26 wk NA NA 3.15 19.77 
SEM   3.7 4.4 
     
390 kcal NA NA 7.44 13.09 
450 kcal NA NA 2.91 16.14 
SEM   2.9 3.7 
     
CP NA NA 0.7387 0.5493 
Energy NA NA 0.2523 0.3296 
CP*Energy NA NA 0.8262 0.7496 
y = -0.1405x2 + 8.8349x - 
107.36
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Figure 2. Changes in the factional degradation rates of broiler breeders with age. 
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Figure 3. Comparison of fractional synthesis and degradation rates across age in Cobb 700 
broiler breeders (flock 1 and 2). A comparison of fractional synthesis and degradation rates 
across age in Cobb 500 broiler breeders (flock 3) is placed within the main image to match time 
periods.  
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Table 4. ANOVA and contrast probabilities values of the relative expression of CAPN2, 
FBXO32, and PSMA1 in broiler breeders. 
 CAPN2 FBXO32 PSMA1 
CP 0.6444 0.7032 0.306 
Energy 0.7447 0.0448 0.2329 
CP*Energy 0.96 0.2103 0.2818 
Week 0.9639 <0.0001 0.0012 
Week-Linear 0.316 0.1512 0.007 
Week-Quadratic  0.3885 0.0562 0.7367 
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Figure 1. Relative expression of calpain 2 (CAPN2) in the pectoralis muscle of broiler breeders 
at 20, 25, and 44 wk of age.  
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Figure 2. Relative expression of F-box only protein 32 (FBXO32) in the pectoralis muscle of 
broiler breeders at 20, 25, and 44 wk of age. * P<0.05 
 
 
 
 
 
 
 
  128 
 
Figure 3. Relative expression of proteosome C2 subunit (PSMA1) in the pectoralis muscle of 
broiler breeders at 20, 25, and 44 wk of age. *P<0.05 
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V. The effects of pullet body weight, dietary NPP intake, and breeder feeding regimen on 
production performance, chick quality, and bone remodeling in broiler breeders 
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ABSTRACT A 3x2x2 factorial experiment, consisting of 52 hens per treatment, was conducted 
to determine the effects of pullet BW, dietary NPP, and feeding regimen on performance, 
progeny quality, and bone remodeling. Cobb 500 broiler breeder pullets were reared to three 
different growth curves: 20% under, Cobb standard, and 20% over. Body weights were recorded 
weekly and feed adjustments made accordingly. At 21 wk, 624 hens were fed one of two breeder 
diets differing only in the amount of dietary NPP: 0.15% or 0.40%. A normal feeding regimen 
was appropriate for the particular growth curve; an alternative regimen considered the three 
growth curves together as a flock. At 24, 26 and 29 wk, blood was collected from 5 hens per 
treatment every four hours over a twenty-four hour period. Plasma samples were analyzed for 
total alkaline phosphatase (tALP), tartrate-resistant acid phosphatase (TRAP), parathyroid 
hormone related peptide (PTHrp), Ca and inorganic P (iP). Eggs per hen housed were diminished 
in hens fed the low dietary NPP and by low pullet target weight. Hens fed low dietary NPP also 
had lower egg weights but better shell quality. Mortality was significantly higher in hens fed low 
dietary NPP. Breeder tibia relative strength and ash was also significantly lower in hens fed low 
dietary NPP %, regardless of the quantitative amount. Progeny tibia ash was not affected by any 
treatment. Total ALP responded to pullet BW, however by wk 29, tALP also became sensitive to 
dietary NPP. The NPP by pullet BW interaction for TRAP levels became significant by 29 
weeks, and pullet BW was significant early. The NPP by pullet growth curve interaction was 
also critical for plasma iP levels throughout the sampling period. In summary, both 0.15% 
dietary NPP and pullets reared 20% under standard BW negatively impact egg production, but 
do not impair progeny productivity. Body composition appears to be a main contributor in bone 
remodeling mechanisms, especially during the transition into egg production. 
Keywords: Non-phytate phosphorus, broiler breeder, bone 
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INTRODUCTION 
The P requirements of broiler breeder hens have come under closer scrutiny due to a rise 
in the cost of inorganic P and the environmental concerns of P runoff. Different attempts have 
been made to solve these problems, usually involving the addition of exogenous phytase to the 
diet to improve available P. Concerns over subsequent progeny performance, as well as breeder 
performance, have kept non-phytate phosphorus (NPP) or available P equivalent  levels at 600 
mg/day or higher. Plumstead et al. (2008) reported that NPP levels as low as 0.10% with phytase 
(0.22% available P) did not diminish egg production while improving water-soluble P retention. 
The water-soluble fraction has been identified as the fraction susceptible to run-off. Previous 
research has shown that reducing dietary NPP to 0.20% (288 mg/day) did not negatively impact 
egg production, egg quality, or progeny quality (Ekmay and Coon, 2010). Reducing dietary P 
also reduced the amount of total P and NPP excreted. The cost associated with maintaining a 
high level of production was a reduction in bone quality in the breeder hen. It was surmised that 
breeder hens utilized bone reserves regardless of dietary intake, and that dietary P determined the 
level of re-deposition.  Van de Velde et al. (1984) previously reported that when bone resorption 
was low, bone formation was also low and vice versa. The group hypothesized that medullary 
bone was recalcified during the inactive period following eggshell formation. 
Determination of serum or plasma bone markers useful as diagnostic tools in bone 
pathology continues to be investigated. Several markers have limitations that hinder it in the 
diagnosis of disease, yet are useful in other applications. Bone alkaline phosphatase has been 
used extensively as a marker of bone deposition. Serum alkaline phosphatase is not bone specific 
and also includes that produced by other sources (liver, leukocytes). However, Ureña (1996) 
reported a 0.74 correlation between total alkaline phosphatase (tALP) and bone formation rate in 
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adult hemodialysis patients. Tartrate-resistant acid phosphatase (TRAP) is another bone marker 
that has been utilized extensively as a marker of bone resorption. There are two isoforms of the 
enzyme: 5a and 5b. The 5b isoform is found exclusively in osteoclasts and 5b quantification can 
be directly related to osteoclast activity and bone resorption. For a comprehensive review of acid 
phosphatase and bone metabolism see Igarashi et al. (2002).   
The exact mechanisms of bone turnover in the egg-laying hen have not been elucidated: 
especially as influenced by dietary NPP. Several authors (Manangi, 2006, Rao and Roland, 1990, 
Feinberg et al., 1937) have looked at fluctuations of blood Ca2+ and P+ over a 24 h period in egg-
laying hens (broiler breeder hens and commercial layers). In the studies by Feinberg et al. and 
Rao and Roland with commercial layers, peak serum P occurred between 11-14 h post 
oviposition. Manangi, on the other hand, reported peak serum P between 20-24 h post 
oviposition in broiler breeder hens.  The differences in serum P have been attributed to seasonal 
factors, amounts of dietary P and Ca, Ca particle size, age, and strain (Manangi, 2006, Rao and 
Roland, 1990, Peterson and Parish, 1939). The objectives of the research reported herein were 1.) 
to determine how bones are remodeled in light, standard, and heavy BW broiler breeder hens fed 
either 0.15% NPP or 0.40%NPP with individual BW groups fed increasing amounts of feed 
based on BW group production or fed based on production from all BW groups (whole flock 
status) during the transition into production and 2.) to determine the performance parameters for 
breeder hens in each of the dietary P and BW groups.  
 
MATERIALS AND METHODS 
Stock and Management 
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A flock of 1600 Cobb 500 breeder pullets were reared to three growth curves, defined as 
20% under Cobb standard, Cobb standard, and 20% over Cobb standard. The Cobb Breeder 
Management Guide (Cobb-Vantress, 2005) was used as a reference for all other management 
conditions. The flock was placed in 2.38 m X 1.83 m floor pens and fed ad libitum for the first 2 
wk. From 2 to 4 wk, all birds were fed restricted amounts of feed every day. From 4 wk onward, 
all birds were fed on a skip-a-day regimen. Feed allocation was based on breeder recommended 
guidelines to reach target BW. Birds were weighed weekly by pen and feed allocation adjusted to 
ensure target BW was met (Table 2). At 21 wk, 624 birds were transferred to a production house 
and individually caged. Cages (47 cm high, 30.5 cm wide, 47 cm deep) were each equipped with 
an individual feeder and nipple drinker. Birds were fed individually and provided with free 
access to water at all times. All breeders were put on an everyday feeding system. Dietary P was 
provided by feed grade dicalcium phosphate-18.5% P (PCS Sales (SA), Inc, Northbrook, 
Illinois). A normal feeding regimen during the breeder phase was one appropriate for each 
specific growth curve; an alternative regimen considered the three BW and a standard regimen 
utilized (Table 3). Peak feed was provided when BW group or groups reached 65% egg 
production. Peak feed consisted of feeding 144 g (420 kcal/d) of either 0.15% NPP or 0.40% 
NPP breeder feed. Composition of experimental diets can be seen in Table 1.  
Breeder and Progeny performance 
Egg production was recorded daily and egg weights were recorded two days a week. All 
soft shelled, double yolk and cracked eggs were recorded. Peak egg production was determined 
as a five day rolling average. Shell quality was determined by specific gravity twice a week 
using the flotation method (Bennett, 1992). Hens were artificially inseminated beginning at wk 
40. Twenty-five hens per treatment group were inseminated with 2x106 cells/ 50 µl and settable 
  134 
eggs were collected for a six-day period. Semen was collected from broiler breeder males using 
the abdominal massage method, as described by Burrows and Quinn (1937). Semen was pooled 
and sperm cell concentration determined using an IMV Micro-Reader I, using an optical density 
of 381 nm (King and Donoghue, 2000). Semen was diluted to 2x106 cells/50 μl using Beltsville 
Poultry Semen Extender (Continental Plastic Corp., Delavan, WI) to ensure all hens were 
inseminated with the same number and volume of sperm cells. Hatch of fertile and hatch wt was 
determined, after which progeny were euthanized via CO2 asphyxiation. Samples of breeder hen 
tibia were collected at 45 wk after CO2 asphyxiation; 10 randomly selected hens were utilized. 
Tibias were stored at -20° C until analysis. Tibia were cut length-wise, oven dried and ashed in 
ceramic crucibles for 16 h at 600° C to determine bone ash.  
Plasma samples 
 Blood samples were collected at 24, 26, and 29 wk from the right wing vein into a 
heparinized syringe at 4 h intervals from time of feeding for a 24 h period. Five hens per 
treatment group were sampled, with no bird sampled more than once in any 20 h period. Hens at 
24 wk were not in production; hens at 26 and 29 wk were at 59% and 80% production, 
respectively. Blood samples were immediately centrifuged in a Beckman Microfuge 18 
microcentrifuge (Beckman Coulter, Inc., Brea, CA) at 1000 rpm for 20 min and the plasma 
fraction separated. Samples were stored at -20° C until analysis. Plasma chicken parathyroid 
hormone related peptide (PTHrp) was determined utilizing a commercial ELISA kit (Bachem, 
Inc., Torrance, California). Tartrate-resistant acid phosphatase (TRAP) was determined by a 
spectrophotometric assay as described by Lau et al. (1987) at a pH of 5.8. The optimal pH of 
TRAP 5a and 5b activity is 4.9–5.5 and 5.7–6.0, respectively. Total alkaline phosphatase (tALP) 
was determined by a spectrophotometric assay as described by Bowers and McComb (1975). 
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Plasma P (iP) was determined using the spectrophotometric method described by Daly (1972) 
and plasma Ca determined using the o-cresolphthalein complexon method described by Morin 
(1974).   
Statistical Analysis 
Data was analyzed utilizing the least squares procedure on JMP 7 (SAS Institute, Cary, 
NC). Terms for pullet growth curve, NPP%, feeding regimen and all interactions were included 
in the model. Trend contrasts were utilized to determine line shape over the 24 h period.  
 
RESULTS 
An interaction effect between feeding regimen and NPP% on eggs per hen housed was 
observed (P=0.0064). Eggs per hen housed were significantly reduced in hens fed 0.15% NPP by 
more than eight eggs by wk 40 (Table 4). Pullet growth curve also impacted egg production. 
Hens that were reared 20% under Cobb standard pullet BW produced fewer eggs than hens 
reared on standard BW curve. Breeder hens reared to standard BW as pullets produced fewer 
eggs than breeder hens reared 20% above the standard BW. The pullet growth curve statistically 
influenced age at sexual maturity (P=0.0001). An interaction effect between NPP% and pullet 
BW on egg wt and mortality was observed. Hens fed 0.15% NPP produced a 1 g smaller egg 
(P<0.0001). A significant three-way interaction was determined for specific gravity (P=0.0128). 
Specific gravity was improved for hens fed 0.15% NPP and for hens that were reared 20% under 
BW as pullets. Lowering dietary NPP% lowered 45 wk tibia ash (P<0.0001). An interaction 
effect between NPP% and pullet BW was observed for hatch of fertile (P=0.0116). The alternate 
feeding regimen decreased hatchability by over 13% (Table 5). Hatch of fertile was not 
influenced by NPP% or by pullet BW. 
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 The amount of P deposited into an egg remained constant across all treatments (Table 5). 
The amount of total P excreted was twice as high in hens fed 0.40% NPP than those fed 0.15% 
NPP (p=0.0001). The pullet growth curve and feeding regimen did not have an effect on the 
amount of total P excreted. Total P retention was not statistically significant between treatments, 
but P retention was lower in hens fed 0.4% NPP compared to hens fed 0.15% NPP. Tibia P was 
reduced when NPP% was reduced and in concert with pullet growth curve and feeding regimen.   
 Mean circulating levels of PTHrp over the sample period were not affected by any of the 
experimental factors (Table 6). There is a decrease in the overall levels of circulating PTHrp 
from wk 24 to wk 29.  Overall, the mean circulating levels of PTHrp became significantly 
different from 0 h on average by 12 h but returned to pre-feeding levels at 24 h. A significant 
overall cubic response was determined. Overall, mean total alkaline phosphatase (tALP) levels 
were not impacted by NPP% but were heavily influenced by pullet BW and feeding regimen 
(Table 8). Hens reared to a 20% under BW had higher levels of tALP as did hens on an alternate 
feeding regimen. At wk 24 and 26, the 20% under pullet growth curve increased mean tALP. At 
this point, wk 29, NPP% and feeding regimen became influential. Both low NPP and the 
alternate feeding regimen increased the levels of tALP. On a week-to-week basis, tALP levels 
remained relatively constant and no effect was determined. During a 24 h period, tALP becomes 
significantly elevated on average by 12 h (Figure 1). No overall curvilinear response was 
determined, however, a cubic response was determined at wk 29 and a quadratic response was 
determined at wk 24.  
Mean circulating levels of tartrate-resistant acid phosphatase (TRAP) over the sample 
period were significantly higher in hens reared to a 20% over pullet growth curve and when fed 
an alternate feeding regimen (Figure 2). No differences (P=0.0887) in overall TRAP was 
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observed between hens fed 0.15% NPP (746.84 U) and hens fed 0.40% NPP (857.59 U). At wk 
24, only pullet growth curve and feeding regimen exerted any influence on TRAP levels; the 
levels of TRAP increased with body wt. By wk 26, only feeding regimen exerted any effect on 
TRAP levels. Finally, by wk 29, neither pullet growth curve nor feeding regimen exerted any 
effect on TRAP levels but the interaction between NPP% and pullet growth curve, and NPP% 
main effect, had become significant. A significant overall quadratic response was determined. 
TRAP levels at wk 29 did not vary substantially over a 24 h period in hens fed 0.15% NPP and 
were significantly lower than TRAP levels in hens fed 0.40% NPP. Overall, TRAP levels rise 
substantially immediately after feeding but return to pre-feeding levels by 16 h. Overall, a 
significant three-way interaction effect between pullet growth curve, NPP, and feeding regimen 
on mean plasma P levels were determined (Figure 3). At wk 24 mean plasma P levels were not 
affected by any treatment but by wk 26, the pullet growth curve by NPP interaction became 
significant. At wk 29, feeding regimen and the interaction between NPP% and pullet growth 
curve heavily influenced plasma P levels. Overall, a quartic curve was determined for hour 
(Table 9). At wk 26, a linear fit was determined for hens reared to 20% over BW and fed 0.15% 
NPP, as well as 20% under BW fed 0.15% or 0.40% NPP. A quadratic response was determined 
for hens reared to standard BW and fed 0.15% NPP. At wk 29, a linear fit was determined for 
hens reared to 20% over BW and fed 0.15% NPP. A cubic response was determined for under 
BW hens fed 0.15% NPP. Overall, a significant three-way interaction between pullet growth 
curve, NPP%, and feeding regimen on mean plasma Ca levels were determined (Table 10). At 
wk 24, 26 and 29, the three-way interaction is seen (Figure 4). No curvilinear responses were 
noted at wk 24 or 26. At wk 29, a linear fit was determined for over BW hens fed on an alternate 
feeding regimen fed 0.15% NPP. A quadratic curve was determined for under or standard BW 
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hens on a normal feeding regimen fed 0.15% NPP.  A cubic response was determined for over 
BW hens on an alternate feeding regimen fed 0.4% NPP, as well as standard BW hens on an 
alternate feeding regimen fed 0.15% NPP. A quartic response was determined for over and 
standard BW hens fed 0.15% NPP and either an alternate or normal feeding regimen.  
 
DISCUSSION 
Previous research has shown that reducing dietary NPP% to 0.20% does not negatively 
impact egg production in broiler breeder hens (Ekmay and Coon, 2010, Ekmay et al., 2009). 
Plumstead et al. (2008) reported that diets that contain 0.09% NPP with phytase can still 
maintain broiler breeder egg production if not outperform breeders on higher NPP intakes. The 
results presented here reveal that reducing dietary NPP to 0.15% (216 mg @ peak) impairs 
production through 40 wk and the true requirement for egg production remains above this level. 
The physiological requirement for P seems to lie within this 0.15-0.20% region: egg wt was 
reduced within this range and there was a sharp increase in mortality. The rise in shell quality at 
0.15% NPP is consistent with other published reports of improved specific gravity at low P 
levels (Miles and Harms, 1982)). The effect of body composition on production has primarily 
focused on age of sexual maturity, but the impact on breeder performance and nutrient utilization 
has not been studied. It would be theorized that a smaller bird would come into production later, 
and in fact is what was observed in this study. Hens reared to a 20% under BW achieved sexual 
maturity later and produced fewer eggs. The reduced egg production in hens reared to a 20% 
under BW may have contributed to the improved shell quality observed. With fewer eggs to 
produce, more nutrients can be devoted per egg. A recurring pattern in this study is the attempt to 
balance total egg production, production of eggs that fulfill the embryo’s requirements for hatch, 
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and breeder integrity. The requirements for maintaining bone quality, as assessed by tibia ash, 
was previously determined to be 0.25% NPP or 360 mg NPP per day (Ekmay and Coon, 2010, 
Ekmay et al., 2009). The findings of this study support this conclusion. The interaction effect for 
mortality between dietary NPP and pullet BW seem to show that larger birds handle low 
phosphorus better. The high mortality associated with low dietary NPP, as well as low BW, does 
not appear to be associated with an egg in the tract, a characteristic of calcium tetany (Figure 5). 
A higher percentage of hens that were fed 0.40% NPP were found to have an egg in their tract at 
the time of death. Blood marker data shows that little bone is mobilized in hens fed low levels of 
NPP and this may minimize large fluxes of Ca.  
 Concerns over progeny quality have maintained NPP at the current industry levels of as 
much as 600 mg/day. There have been no reported benefits to progeny weight by high levels of 
NPP, however, Triyuwanta and Nys (1992), found an improvement in bone quality in the 1 d old 
progeny of dwarf breeders fed 1.0% available P. Reduction of NPP levels from 0.4% to 0.2% did 
not affect progeny weight or tibia ash (Ekmay and Coon, 2010). In the present study, a reduction 
from 0.40% to 0.15% did reduce 1d progeny wt. The egg weights for breeders fed 0.15% were 
lower which would explain the slight reduction in chick hatch weight. The improvements 
observed by Triyuwanta appear to be marginal and only when adding P more than 2 times higher 
than industry levels. 
 Determining how bone is remodeled during a 24 h period has many complications. The 
vast majority of breeder skeletal data looks at tibia ash or bone breaking strength at various ages, 
or looks at plasma Ca and P. Measuring Ca and P in itself has its limitations, as it is difficult to 
distinguish the contributions of bone and diet, respectively, to the plasma pool of these nutrients. 
Al-Bustany et al. (1998) attempted to determine a correlation between plasma alkaline 
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phosphatase and egg production at 48 and 54 wk of age. It was determined that no correlation 
existed but that alkaline phosphatase levels declined with age. These values, however, represent 
only one point in time. Our knowledge of bone remodeling, therefore, remains static. The 
utilization of bone markers in this study was designed to determine a general concept of how 
bone is utilized in various production scenarios. In the study presented, feeding occurred at 0 h 
and mean oviposition occurred anywhere between 3.1 to 3.8 h post-feeding. It was determined 
from this study that during the transition into sexual maturity (24 to 26 wk), a pullet’s BW was 
most influential to bone remodeling. During this transition, hens reared to a 20% under Cobb 
standard were depositing more bone (tALP) and resorbing less (TRAP) than hens reared to a 
standard or 20% over BW. As the growth curve target weight increases, so does the level of bone 
resorption during this period. The implication is these small hens are still developing and not 
only is body composition a cue for egg production, but skeletal quality as well. Nearing peak 
production there is a shift in bone remodeling and the cues that affect it. At this point, dietary 
NPP% becomes critical to bone remodeling and the effect of pullet BW diminishes, but does not 
disappear. At 29 wk, bone resorption is marginal in hens fed 0.15% NPP whereas hens fed 
0.40% NPP had significant amounts of bone resorption. It would be hypothesized that hens fed a 
low level of NPP would mobilize more bone reserves to meet the demands of egg formation. 
What is seen instead is that hens will reduce egg production as well as bone mobilization in an 
attempt to spare breeder integrity. This will ensure that the eggs that are produced meet the 
embryo’s demand for hatch. It was hypothesized by previous work (van de Velde, 1984, Ekmay 
and Coon, 2008) that there is a constant cycle of bone mobilization and re-deposition and that the 
amount of dietary NPP was what determined the extent of these two. It is clear from the evidence 
in this study that this is indeed what occurs. The 24 h data shows a coordination of bone 
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mobilization with bone deposition. The minima of the tALP curve coincide with the maxima of 
the TRAP curve. This suggests that between 4-16 h, there is a period of bone deposition, and 
between 16-4 h there is period of bone mobilization with oviposition occurring between 3.1-3.8 h 
after feeding. Kebreab et al. (2009) modeled P flow in laying hens and suggested that P 
deposition (bone synthesis) occurred between 2-16 h when oviposition occurred 5 h after lights 
were turned on. The findings by Kebreab support the results reported in the present study. 
Coordination of these events appears to be mediated, at least partly, by PTH. PTH acts to 
increase plasma concentrations of Ca and P through a combination of mechanisms that include 
bone resorption, and increased intestinal Ca/P absorption. In mammals, PTH does not bind to 
osteoclasts, but binds to receptors on osteoblasts that stimulate the production of receptor 
activator of NF-κB ligand (RANKL) that binds to receptor activator of NF-κB (RANK) on 
osteoclasts and stimulate their proliferation. In the present study, a trend for a  linear relationship 
between PTH and TRAP at 29 wk (P=0.0829) supports the link between PTH and bone 
mobilization.  
 In summary, reducing dietary NPP to 0.15% has significant negative effects on breeder 
performance including increased mortality, reduced egg production, and reduced skeletal quality. 
Attempts are made by the breeder to conserve skeletal quality on a low NPP diet by reducing 
bone mobilization as well as egg production. During the transition into sexual maturity, pullet 
BW exerts a greater effect than dietary NPP on bone remodeling especially on bone deposition. 
Further research is needed into what aspects of a rearing growth curve influences bone 
development.  
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Table 1. Composition (%) of breeder diets.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 50% Propionic acid. Kemin Industries, Inc., Des Moines, Iowa. 
2 Provided per kg of diet: Mn, 180mg; Zn, 150.6mg; Fe, 20.16mg; Cu, 2.04 mg; I, 1.26 mg; Se, 0.3mg. 
3 Provided per kg of diet: Vitamin A, 13200 IU; Vitamin E, 66 IU; Vitamin D3, 4950 ICU; Niacin, 74.25mg; D-
panthothenic acid, 33mg; Riboflavin, 19.8mg; Pyridoxine, 5000mg; Thiamine, 3.3mg; Menadione, 3.3mg; Folic 
acid, 3.3mg; Biotin, 0.33mg; Vitamin B12, 0.0297mg.  
 
 
 
 
 
Ingredient 0.15% NPP 0.40% NPP 
Corn 64.97 64.97 
Soybean Meal 23.49 23.49 
Dicalcium Phosphate 0.21 1.53 
Limestone 8.24 8.24 
Mold Curb1 0.05 0.05 
Salt 0.34 0.34 
Poultry Fat 1.83 1.83 
L-Lysine HCl 0.07 0.07 
Choline 0.14 0.14 
Mineral Premix2 0.06 0.06 
Copper sulphate 0.05 0.05 
Vitamin premix3 0.1 0.1 
Ethoxyquin 0.02 0.02 
Nutrient   
ME, kcal/kg 2915 2915 
CP calculated 16.0 16.0 
Lysine 0.89 0.89 
Methionine 0.47 0.47 
Crude Fat 4.34 4.34 
Ca (calculated) 3.25 3.25 
Total P (calculated) 0.374 .626 
Total P (analyzed) 0.392 0.671 
NPP (analyzed) 0.158 0.380 
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Table 2. Target and actual body weights during the rearing period 
  GROWTH CURVE TARGET WEIGHTS (grams) 
Weeks of age 
STANDARD 20% UNDER 20% OVER 
target actual target actual target actual 
0        
1 159.0 156.2 127.2 153.2 190.8 155.3 
2 295.0 277.7 236.0 275.4 354.0 277.0 
3 386.0 440.4 308.8 405.1 463.2 443.0 
4 522.0 613.3 417.6 523.4 626.4 626.5 
5 613.0 642.0 490.4 542.5 735.6 647.0 
6 726.0 796.3 580.8 661.5 871.2 803.9 
7 817.0 851.5 653.6 698.6 980.4 861.8 
8 908.0 932.0 726.4 756.7 1089.6 943.7 
9 1022.0 1005.3 817.6 808 1226.4 1028.7 
10 1112.0 1055.7 889.6 853.3 1334.4 1090.2 
11 1226.0 1157.2 980.8 921.2 1471.2 1214.1 
12 1294.0 1201.8 1035.2 961.5 1552.8 1288.3 
13 1385.0 1298.9 1108.0 1040.5 1662.0 1467.0 
14 1453.0 1407.5 1162.4 1142.4 1743.6 1604.9 
15 1544.0 1582.3 1235.2 1298.5 1852.8 1856.9 
16 1612.0 1600.8 1289.6 1314.2 1934.4 1871.5 
17 1725.0 1725.3 1380.0 1469.2 2070.0 2061.8 
18 1816.0 1855.8 1452.8 1606.9 2179.2 2197.2 
19 1975.0 1973.0 1580.0 1666.3 2370.0 2311.6 
20 2157.0 2155.5 1725.6 1816.7 2588.4 2509.0 
24  2868  2516  3135 
29  3499  3329  3639 
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Table 3. Breeder feeding regimen for three different growth curves  
 
 Standard 20% Under 20% Over 
 g/bird g/bird g/bird 
21 to 22 weeks of age 104 91 116 
22 to 23 weeks of age 109 96 121 
23 to 24 weeks of age 114 100 126 
24 to 25 weeks of age 118 105 130 
5% production 119 107 131 
13% production 121 109 132 
21% production 123 113 133 
29% production 126 117 134 
37% production 130 122 136 
45% production 134 128 139 
53% production 139 136 141 
61% to Peak 144 144 144 
AFTER PEAK 1 week 142 142 142 
2 week 140 140 140 
3 week 139 139 139 
4 week 138 138 138 
5 week 137 137 137 
6 week 136 136 136 
7 week 135 135 135 
8 week 134 134 134 
9 week 133 133 133 
10 week 132 132 132 
11 week 131 131 131 
12 week 131 131 131 
13 week 130 130 130 
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Table 4. Broiler breeder performance and egg quality through 40 wk and bone ash at 45 wk, as affected by dietary NPP %, pullet BW, 
and feeding regimen.  
Dietary NPP 
Pullet 
BW Feeding regimen 
Age at sexual 
maturity (wk) 
Eggs per hen 
housed 
Peak 
Production 
(%) 
Egg 
weight (g) 
Specific 
gravity 
Mortality 
(%) 
45-week 
Breeder 
tibia ash 
(%) 
0.15    25.7 88.3 82.50 52.77 1.0815 19.79 44.86 
0.4    25.9 96.9 83.51 53.77 1.0809 6.52 50.15 
SEM    0.06 1.7  0.14 0.00010 1.84 0.66 
 Over   25.4 99.7 89.83 53.3 1.0810 11.64 47.04 
 Standard   25.7 92.2 83.51 53.27 1.0810 13.44 47.91 
 Under   26.3 86 82.13 53.24 1.0817 14.40 47.57 
 SEM   0.07 2.1  0.17 0.00012 2.26 0.80 
  Alternate 25.7 92 83.75 53.4 1.0811 14.25 47.38 
  Normal 25.9 93.2 82.75 53.14 1.0813 12.07 47.64 
  SEM  0.06 1.7  0.14 0.00010 1.84 0.65 
P >F           
  NPP 0.053 0.0001 NA <0.0001 0.0001 <0.0001 <0.0001 
  Pullet  0.0001 0.0001 NA 0.980 <0.0001 0.681 0.742 
  Feeding 0.116 0.597 NA 0.268 0.083 0.403 0.778 
  NPP*Pullet 0.341 0.241 NA 0.011 0.012 0.036 0.669 
  NPP*Feeding 0.193 0.006 NA 0.305 0.009 0.278 0.281 
  Pullet*Feeding 0.609 0.459 NA 0.611 <0.0001 0.695 0.118 
  NPP*Pullet*Feeding 0.401 0.159 NA 0.748 0.013 0.308 0.834 
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Table 5. Mean progeny hatch weight and percent hatch of fertile as affected by parental dietary 
NPP%, pullet BW, and feeding regimen
Dietary NPP Pullet BW Feeding Regimen 1-day Progeny Wt (g) Hatch of Fertile (%) 
0.15    42.38 87.1 
0.4    43.56 85.53 
SEM    0.30 0.032 
 Under   42.97 84.07 
 Standard   43.21 88.22 
 Over   42.72 86.67 
 SEM   0.36 0.039 
  Normal  43.29 92.88 
  Alternate 42.64 79.76 
  SEM  0.29 0.031 
     
P>F  NPP 0.005 0.722 
  Pullet  0.616 0.731 
  Feeding  0.118 0.003 
  Pullet*NPP 0.185 0.012 
  Feeding*NPP 0.608 0.188 
  Pullet*Feeding 0.033 0.225 
  Pullet*NPP*Feeding 0.324 0.161 
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Table 6. Probability values of plasma parathyroid hormone related peptide (PTHrp) values in 
broiler breeder hens as affected by NPP%, pullet BW, and feeding regimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test effects Week 24 Week 29 Overall 
    
NPP 0.445 0.664 0.654 
Pullet 0.055 0.881 0.092 
Feeding 0.905 0.050 0.397 
NPP*Pullet 0.316 0.549 0.772 
NPP*Feeding 0.051 0.524 0.190 
Pullet*Feeding 0.759 0.386 0.787 
NPP*Pullet*Feeding 0.407 0.493 0.726 
Hour-linear <0.0001 <0.0001 <0.0001 
Hour-quadratic 0.133 0.888 0.033 
Hour-cubic 0.012 <0.0001 0.008 
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Table 7. Probability values of plasma total alkaline phosphatase (tALP) in broiler breeders as 
affected by NPP%, pullet BW, and feeding regimen. 
 
Test effects Week 24 Week 26 Week 29 Overall 
     
NPP 0.298 0.456 0.022 0.229 
Pullet <0.0001 0.0002 0.055 <0.0001 
Feeding 0.167 0.163 0.034 0.029 
NPP*Pullet 0.914 0.838 0.822 0.774 
NPP*Feeding 0.105 0.093 0.863 0.859 
Pullet*Feeding 0.806 0.290 0.631 0.640 
NPP*Pullet*Feeding 0.627 0.273 0.873 0.835 
Hour-linear 0.552 0.748 <0.0001 0.290 
Hour-quadratic 0.0003 0.059 0.624 0.117 
Hour-cubic 0.881 0.652 <0.0001 0.166 
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Table 8. Probability values of plasma tartrate-resistant acid phosphatase (TRAP) levels in broiler 
breeders as affected by NPP%, pullet BW, and feeding regimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test effects Week 24 Week 26 Week 29 Overall 
     
NPP 0.293 0.203 0.001 0.089 
Pullet 0.007 0.146 0.987 0.023 
Feeding 0.005 0.028 0.094 <0.0001 
NPP*Pullet 0.351 0.218 0.028 0.850 
NPP*Feeding 0.414 0.990 0.479 0.415 
Pullet*Feeding 0.889 0.503 0.404 0.584 
NPP*Pullet*Feeding 0.547 0.947 0.430 0.604 
Hour-linear 0.602 0.014 0.537 0.116 
Hour-quadratic <0.0001 0.247 0.009 <0.0001 
Hour-cubic 0.883 0.009 0.834 0.388 
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Table 9. Probability values of plasma P (iP) levels in broiler breeders as affected by NPP%, 
pullet BW, and feeding regimen. 
 
 
 
 
 
* Significant lack of fit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test effects Week 24 Week 26 Week 29 Overall 
     
NPP 0.311 0.835 0.368 0.330 
Pullet 0.411 0.290 0.0004 0.018 
Feeding 0.587 0.491 0.013 0.845 
NPP*Pullet 0.275 0.042 0.002 0.003 
NPP*Feeding 0.891 0.183 0.177 0.307 
Pullet*Feeding 0.631 0.894 0.804 0.764 
NPP*Pullet*Feeding 0.690 0.416 0.082 0.320 
Hour-quartic <0.0001* <0.0001* <0.0001* <0.0001 
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Table 10. Probability values of plasma Ca levels in broiler breeders as affected by NPP%, pullet 
BW, and feeding regimen. 
 
Test effects Week 24 Week 26 Week 29 Total 
     
NPP 0.005 0.642 0.709 0.019 
Pullet 0.002 0.008 0.078 0.018 
Feeding 0.604 0.283 0.290 0.239 
NPP*Pullet 0.118 0.005 0.302 0.873 
NPP*Feeding 0.498 0.005 0.789 0.708 
Pullet*Feeding 0.278 0.013 0.001 0.001 
NPP*Pullet*Feeding <0.0001 0.0005 0.022 <0.0001 
Hour-cubic <0.0001* <0.0001* <0.0001* 0.0001 
Hour-quartic <0.0001 <0.0001* <0.0001* <0.0001 
Hour-quintic <0.0001 <0.0001* <0.0001 <0.0001 
* Significant lack of fit 
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Figure 1. Diurnal fluctuations of plasma total alkaline phosphatase (tALP) in A) 24 wk old and 
B) 26 wk old broiler breeders reared to 20% under Cobb standard, standard, and 20% over Cobb 
standard BW, C) 29 wk old broiler breeders fed either 0.15% or 0.40% dietary NPP, and D) 29 
wk old broiler breeders on a feeding regimen appropriate for its BW (normal) or for the flock 
(alternate). Each time point, n=5.  
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Figure 2. Diurnal fluctuations of plasma tartrate-resistant acid phosphatase (TRAP) in A) 24 wk 
old broiler breeders reared to 20% under Cobb standard, standard, or 20% over Cobb standard 
BW, B) 24 wk old broiler breeders on a feeding regimen appropriate for its BW (normal) or for 
the flock (alternate), C) 26 wk old and D) 29 wk old broiler breeders on a normal or alternate 
feeding regimen, and E) 29 wk old broiler breeders reared to 20% under Cobb standard, 
standard, or 20% over Cobb standard BW when fed either 0.15% or 0.40% dietary NPP. Each 
time point, n=5.  
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Figure 3.  Diurnal fluctuations of plasma P (iP) in A) 26 wk old, and B) 29 wk old broiler 
breeders reared to 20% under Cobb standard, standard, or 20% over Cobb standard when fed 
either 0.15% or 0.40% dietary NPP; C) diurnal fluctuations of plasma iP in 29 wk old broiler 
breeders on a feeding regimen appropriate for its BW (normal) or for the flock (alternate).  
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Figure 4. Diurnal fluctuations of plasma Ca in 24 wk old broiler breeder hens on an A) alternate 
feeding regimen or B) normal feeding regimen and fed either 0.15% or 0.40% and reared to 20% 
over Cobb standard, standard, or 20% under Cobb standard. The same diurnal fluctuations in 26 
wk old breeders  (C, D) and 29 wk old breeders (E, F). Each time point, n=5. 
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Figure 5. A) Mortality of broiler breeder hens when fed 0.15% or 0.40% dietary NPP, and B) 
percentage of breeder hens that died with an egg in the tract (a characteristic of calcium tetany) 
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VI. The effects of L-carnitine and feeding regimens on the fatty acid profile of the broiler 
breeder hen 
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ABSTRACT A trial was conducted to determine the effects of L-carnitine supplementation and 
feeding regimens during the rearing phase on breeder performance, progeny hatching weight, 
and the fatty acid profiles of breeder abdominal fat and egg contents. Four-hundred eighty Cobb 
500 chicks were randomly assigned to one of four treatments in a 2x2 factorial fashion. Chicks 
were placed on a diet that either included 50 ppm of L-carnitine or no supplementation beginning 
at 4 weeks of age. Chicks were also fed on either an everyday (ED) feeding regimen or a skip-a-
day (SKP) through the rearing phase until 24 wk of age. At 24 wk, all birds were switched to an 
ED regimen. Carnitine supplementation treatments were continued through the breeder phase to 
the termination of the trial at 65 wk. Egg production was monitored daily and eggs were weighed 
four times a week. At 26, 40, and 65 wk, 10 hens per treatment were euthanized via CO2 
asphyxiation and the abdominal fat pad was collected and snap frozen in liquid nitrogen. Ten egg 
samples from the corresponding treatment were also saved. Results show that carnitine 
supplementation increased fertility but decreased one-day progeny weight. Supplementation also 
increased the egg concentration of saturated and monounsaturated fatty acids, and decreased 
polyunsaturated fatty acids. The changes observed with carnitine supplementation were similar 
those observed from birds reared on a SKP regimen. Therefore, carnitine supplementation and 
SKP feeding regimen both alter the fatty acid profiles of abdominal fat and the egg. These 
changes may be beneficial to the breeder but more research is needed to assess its effects on 
progeny.  
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INTRODUCTION 
L-carnitine promotes the β-oxidation of long-chain fatty acids and serves as a carrier of 
activated fatty acids across the mitochondrial membrane. Acylcarnitine (a fatty acid + L-
carnitine) is synthesized from acyl-CoA (a fatty acid + coenzyme A) by carnitine palmitoyl 
transferase I for transport across the outer mitochondrial membrane. Acylcarnitine is transported 
across the membrane by the transport protein, carnitine:acylcarnitine translocase. Carnitine 
palmitoyl transferase II is associated with the inner mitochondrial membrane and catalyzes the 
formation of acyl-CoA within the mitochondrial matrix where it can be metabolized through β-
oxidation, ultimately yielding propionyl-CoA and acetyl-CoA.  
Carnitine is endogenously synthesized from methionine and lysine: these amino acids are 
usually the first and second limiting amino acids, respectively, in a typical corn-soy diet. For this 
reason, studies in poultry involving L-carnitine have garnered much attention.  There have been 
mixed results as to the benefit of supplementing diets with L-carnitine. There have reports of 
improved growth rates and feed efficiency in poultry (Rabie et al., 1997) and swine (Weeden et 
al., 1991). The deposition of abdominal fat in broiler chickens fed supplemental carnitine has not 
yielded consistent results. Cartwright (1986) reported no changes to carcass fat with various 
levels of added L-carnitine. However, Xu et al. (2003) and Rabie et al. (1997) showed that 
carnitine supplementation decreases carcass fat in the breeder. The effect of L-carnitine on 
progeny performance has not received the same attention. Kidd et al. (2005) have reported that 
carnitine supplementation in the breeder hen decreases carcass fat in the progeny. There have 
been reported improvements in egg hatching rates and an increase in egg yolk carnitine with 
supplementation (Leibetseder, 1995).   
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Feed restriction programs are often employed to control BW, delay sexual maturity, 
increase livability, and increase egg production. There are several potential feeding regimens that 
can be employed, but the two most common are everyday feeding (ED) and skip-a-day feeding 
(SKP). Other feeding regimens are just variations of the skip-a-day model. Under a skip-a-day 
regimen, birds receive twice the amount of feed they would receive on a per day basis, every 
other day.  Feed restriction programs typically begin at 18-24 d of age and last until 
photostimulation, first egg, or 5% production. It has been shown that hens on a skip-a-day 
feeding regimen have lower feed conversions, produce fewer eggs, had lower BW, and smaller 
frame size than hens on an everyday regimen and that hens on a skip-a-day regimen show 
increased lipogenesis (De Beer and Coon, 2007, De Beer et al., 2007). De Beer and Coon (2007) 
also suggest that alterations to body composition in hens on a feeding regimen that includes off-
feed days may result in larger eggs.  
The current study attempts to determine the effects of L-carnitine and feeding regimen on 
broiler breeder fatty acid profile, breeder performance and subsequent progeny weight. 
 
MATERIALS AND METHODS 
Four hundred and eighty Cobb 500 pullets were placed into sixteen floor pens from one 
day of age utilizing the Cobb Breeder Management Guide (Cobb-Vantress, 2005) as a reference 
for all management conditions. Pullets were randomly assigned to one of four treatment groups 
in a 2x2 factorial fashion (2 diets, 2 feeding regimens). Two diets were utilized either 
supplemented with carnitine at 50 ppm or with no supplemental carnitine. The starter diet was 
fed from 0 to 4 wks of age, the grower diet was fed from 4 wks until 20 wks, and the pre-breeder 
was fed from 20 wks until 25 wks, and Breeder I from 25 wks until termination of the feeding 
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study. The flock was fed ad libitum for the first 2 wks.  From 2 to 4 wks, all birds were fed 
restricted amounts of feed every day.  At 4 wks of age feed restriction treatments were 
implemented.  Eight randomly selected pens (240 pullets) were fed restricted amounts of feed 
everyday (ED) from 4 to 21 wks of age.  Feed allocation was based on breeder recommended 
guidelines to reach target BW. Another eight pens (240 pullets) were fed every other day (SKP). 
Total feed allocation did not differ between the two treatments.  For example, if the ED group 
received 50 g per bird, the SKIP group would receive 100 g per bird every other day.  Bird were 
weighed weekly in groups in order to adjust feed allocation to ensure target BW was met.  Bird 
were weighed weekly by pen in order to adjust feed allocation to ensure target BW was met.  
 At 21 weeks, pullets were transferred to a production house and placed in individual 
cages. Cages (47 cm high, 30.5 cm wide, 47 cm deep) were each equipped with an individual 
feeder and nipple drinker. Birds were fed individually and provided with free access to water at 
all times.  Carnitine supplementation treatments begun during the rearing phase were continued 
into the breeder phase. Beginning at 24 weeks, all hens were fed everyday until the termination 
of the trial at 65 weeks. The feeding program utilized can be seen in Table 2. Egg production was 
recorded daily, and egg weights were recorded four times a week. Twenty-five hens per 
treatment were inseminated with 1x106 cells/ 50 µl and settable eggs were collected for a six-day 
period. Semen was collected from broiler breeder males using the abdominal massage method as 
described by Burrows and Quinn (1937). Semen was pooled and sperm cell concentration 
determined using an IMV Micro-Reader I, using an optical density of 381 nm (King and 
Donoghue, 2000). Semen was diluted to 1x106 cells/50 μl using Beltsville Poultry Semen 
Extender to ensure all hens were inseminated with the same number and volume of sperm cells. 
The fertility and hatchability of fertile eggs was determined at 42 weeks. Progeny weight was 
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recorded at day of hatch and again at twenty-one days. Progeny were euthanized via CO2 
asphyxiation and tibia samples were collected. Ten breeders per treatment were euthanized via 
CO2 asphyxiation and the abdominal fat samples were collected and snap frozen in liquid 
nitrogen at 28, 40 and 65 weeks of age. Ten egg samples per treatment from these same weeks 
were also saved and frozen until analysis. Abdominal fat and egg contents were analyzed for 
fatty acid methyl esters via gas chromatography using internal standards for quantification.  
 
RESULTS 
The present study shows that neither feeding regimen nor carnitine supplementation 
affected the total number of eggs produced (Table 3). The SKP regimen resulted in larger egg 
weights compared to eggs from hens on an ED regimen but no carnitine effect was determined. 
Fertility was improved in hens supplemented with carnitine, however no differences in 
hatchability were observed and the progeny hatching weight was significantly lower in hens 
supplemented with carnitine. No interaction effects were determined for any of the previous 
parameters. 
At 26 wk, a significant effect on total fatty acids, saturated fatty acids, and 
monounsaturated fatty acids, but not polyunsaturated fatty acids, were determined in breeder 
abdominal fat due to carnitine supplementation. In each case, carnitine supplementation lowered 
the amount of fatty acids. An ED feeding regimen produced the same results as carnitine 
supplementation. The fatty acid profile of the egg shows reveals that carnitine supplementation 
increases the concentration of saturated fatty acids and total fatty acids, as well as lowers the 
monounsaturated fatty acid concentration. Also, greater concentrations of monounsaturated and 
polyunsaturated fatty acids were detected in the egg when hens were reared on an ED regimen.  
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At 40 wk, there was no statistical impact of carnitine supplementation or feeding regimen 
on abdominal fatty acid profile or egg fatty acid profile. Finally, at 65 wk, carnitine 
supplementation resulted in abdominal fat with higher concentrations of saturated fatty acids, 
monounsaturated fatty acids, and lower concentrations of polyunsaturated fatty acids. Hens on an 
ED feeding regimen had abdominal fat with a higher concentration of poly-unsaturated fatty 
acids.  Carnitine supplementation resulted in eggs with higher concentrations of saturated and 
monounsaturated fatty acids and lower concentrations of polyunsaturated fatty acids. Lastly, 
hens reared on a SKP regimen also had lower concentrations of polyunsaturated fatty acids 
deposited into the egg.  
 
DISCUSSION 
Results show that carnitine supplementation reduced the overall amount of 
polyunsaturated fatty acids in abdominal fat and deposited into the egg at 65 wk. The main effect 
of carnitine appears to be in increasing saturated and monounsaturated fatty acid deposition into 
the egg. Abdominal fat appears to reflect the profile of the egg, as when monounsaturated fatty 
acids are low in abdominal fat, they are high in the egg. Carnitine supplementation appears to 
preferentially select for the deposition of the monounsaturated fatty acid, oleic acid, into the egg 
throughout the experimental period (data not shown). Egg contents of arachidonic acid were 
elevated at week 65, a reversal of levels at week 40. Peebles et al (2007) showed that 27 week-
old breeders supplemented with 25 mg/kg L-carnitine had elevated levels of yolk sac palmitoleic 
acid. It remains unclear in this study whether there is upregulation of ∆9-desaturase or 
preferential utilization of other unsaturated fatty acids due to carnitine. Alteration of egg fatty 
acid profile can have adverse effects on hatchability. The addition of CLA to hen diets reduced 
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the amount of oleic acid in the egg and increased saturated fatty acids, which resulted in loss of 
hatchability (Aydin et al., 2001, Ahn et al., 1999). This scenario may not apply to the current 
study since carnitine supplementation elevated egg oleic acid content compared to un-
supplemented hens. The addition of n-3 fatty acids to hen diets have been shown to reduce egg, 
yolk, and shell weight (Pappas, 2006). The addition of carnitine consistently decreased levels of 
palmitic and heptadecanoic acid in abdominal fat. By week 65, carnitine supplemented hens 
showed higher levels of palmitic and oleic acids; again, a reversal of observations in younger 
hens. The present study shows that there is no difference in the total number of eggs produced, 
egg weight, and hatch of fertile when carnitine is added to the diet. Fertility improved 
significantly with carnitine supplementation. However, carnitine supplementation also decreased 
progeny weight. Leibetseder (1995) showed that hatchability was increased from 83% to 87% 
and 82.4% to 85.3% in groups of broiler breeders supplemented with 50 and 100 mg L-carnitine 
respectively. Adabi et al. (2006) also showed improvements to fertility and hatchability when 
breeders were supplemented with 60 ppm of L-carnitine. Kidd et al. (2005) reported that 
carnitine supplementation alters progeny carcass characteristics; namely, decreasing carcass fat 
and increasing breast meat. Kidd did not report a progeny hatching weight difference from hens 
fed supplemental carnitine. It is clear that supplementing a breeder hen diet with carnitine will 
result in eggs with higher levels of carnitine (Rabie et al., 1997). The increased oxidative 
capability by the embryo, however, may not necessarily be beneficial. Carnitine appears to 
preferentially oxidize polyunsaturated fatty acids and increase saturated fatty acids. Corduk et al. 
(2008) reported that adding 500 mg/kg of L-carnitine to the diet of laying hens reduced the 
content of C22:5n-3, C22:6n-3 and n3 fatty acids: in agreement with the present study. Zhai et al. 
(2008) has also speculated that increased carnitine deposition into the egg may lead to select 
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utilization of linoleic and linolenic acid over myristic and oleic acids. Therefore, carnitine 
supplementation may improve certain performance characteristics in the breeder but its effect on 
subsequent progeny should be investigated further.  
De Beer and Coon (2007) and De Beer et al. (2007) showed that SKP feeding regimen 
stimulated lipogenesis and altered the carcass characteristics of a breeder. The present study 
shows that indeed there is an alteration of the fatty acid profile of the breeder hen early during 
the production period. Saturated and monounsaturated fatty acids were found in greater 
concentrations at 26 wk in hens reared on a SKP regimen. Showed that short-term fasting 
increases the rate of desaturation. No effect of feeding regimen was observed on the fatty acid 
profile of abdominal fat at 40 wk and 65 wk: reflecting the change to everyday feeding at 24 wk. 
SKP feeding regimen also altered the fatty acid profile of the egg. The fatty acid profile of both 
the carcass and the egg often reflect the profile of the diet. However, few studies have 
investigated alterations of the fatty acid of the egg without alteration to the profile of the diet 
itself. In the present study, monounsaturated and polyunsaturated fatty acids concentrations in 
the egg were reduced in hens reared on a SKP feeding regimen, although overall egg weight 
increased. Chen and Cunnan (1993) found that refeeding after fasting increased oxidation of n-3 
and n-6 fatty acids in pregnant rats. Chen et al. (1996) also found that weight cycling decreased 
the accumulation of polyunsaturates in young, growing rats. It appears linoleic and linolenic 
acids are preferentially oxidized during energy shortages and then during refeeding, saturated 
and mono-unsaturated fatty acids are formed through lipogenesis (Sea et al., 2000). De Beer and 
Coon (2007) did not report an egg weight difference between hens reared on a SKP or ED 
feeding regimen. They also reported no differences in fertility or hatchability: in agreement with 
the present study. De Beer and Coon (2007) also showed an almost five egg production 
  168 
improvement in hens reared on ED rather than SKP. The present study revealed an almost six 
egg difference between hens reared on ED rather than SKP: however, the difference was not 
significant.  
It appears that much the same way carnitine altered fatty acid profiles, so did the SKP 
feeding regimen. Both carnitine supplementation and the SKP feeding regimen resulted in fewer 
eggs produced, a reduction in polyunsaturated fatty acids, and the promotion of saturated and 
monounsaturated fatty acids. Whether the underlying mechanisms are similar remain unknown. 
However, the present study shows that L-carnitine supplementation and the SKP feeding 
regimen alters the fatty acid profiles of breeder abdominal fat as well as egg yolk, and these 
alterations do not necessarily improve progeny quality.  
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Table 1. Composition of diets utilized throughout trial 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ingredient Pullet Starter (0-4 weeks) Pullet Grower (4-20 weeks) Breeder I (20-28 weeks) 
Corn 61.65 61.66 66.93 
Soybean Meal 26.83 15.44 22.16 
Wheat Midd 7.71 19.04  
Dicalcium Phosphate 1.83 1.74 1.8 
Ground Limestone 0.69 0.72 6.36 
Termin-81 0.30 0.30 0.30 
NaCl 0.29 0.31 0.08 
Poultry Fat 0.25 0.50 1.67 
L-Lysine HCl 0.10   
Alimet-MHA, liquid2 0.10 0.07 0.19 
Choline Cl-70% 0.09 0.07 0.09 
Mineral premix3 0.06 0.06 0.06 
Copper sulphate 0.05 0.05 0.05 
Vitamin premix4 0.04 0.04 0.05 
Ethoxyquin 0.01   
Nutrients (%) 
ME, kcal/kg 2870 2820 2920 
CP, calculated 18.99 15.16 15.95 
CP, analyzed5 18.69 15.44 16.11 
Crude Fat 2.82 3.27 4.15 
Crude fiber 2.11 2.54  
Calcium 0.95 0.90 3.10 
Total phosphorous 0.74 0.75 .64 
Avail. phosphorous 0.45 0.45 0.41 
  172 
Table 2. Feeding allocation schedule for broiler breeders on different feeding restriction 
programs. 
 ED SKP  ED/SKP 
 Feed intake (g/b/d)  (g/b/d) 
0-1 wk 19 19 21-22 105 
1-2 30 30 22-23 109 
2-3 38 38 23-24 114 
3-4 38 38 24-25 119 
4-5 38 38 5% prod 120 
5-6 39 39 13 121 
6-7 39 40 21 124 
7-8 40 41 29 126 
8-9 42 43 37 130 
9-10 43 44 45 134 
10-11 46 47 53 139 
11-12 51 50 61 144 
12-13 55 55   
13-14 60 59   
14-15 64 63   
15-16 70 69   
16-17 78 76   
17-18 86 83   
18-19 89 87   
19-20 97 96   
20-21 102 101   
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Table 3. Mean egg production, egg weight, and reproductive performance of broiler breeder hens 
fed on a diet with or without supplemental L-carnitine and reared on either everyday (ED) or 
skip-a-day (SKP) feeding regimen. 
 
 Total Eggs Egg wt (g) Fertility (%) Hatch of fertile (%) 1-day wt (g) 
CARN 157.3 59.9 84.40 75.7 41.6 
REG 167.6 59.6 81.50 68.1 43.5 
SEM 5.3 0.20 3.1 4.1 0.4 
      
ED 165.3 59.3 77.2 67.60 42.3 
SKP 159.6 60.2 88.6 76.30 42.9 
SEM 5.4 0.20 3.0 4.1 0.4 
      
Carnitine 0.1723 0.3908 0.0098 0.1322 0.0003 
Feeding 0.4502 0.0029 0.5062 0.1853 0.1875 
Carn*Feeding 0.5774 0.0798 0.63 0.0559 0.7552 
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Table 4. The fatty acid profile of abdominal fat from hens with or without supplemental L-carnitine and reared on either an everyday 
(ED) feeding regimen or a skip-a-day (SKP) feeding regimen.    
mg/g 26 wk 40 wk 65 wk 
 SFA MUFA PUFA Total FA SFA MUFA PUFA Total FA SFA MUFA PUFA Total FA 
CARN 264.9 375.9 10.6 839.2 257.6 432.8 10.2 921.1 250.73 446.0 10.3 907.9 
REG 286.3 393.5 11.0 889 268.4 427.8 9.7 929.7 230.4 418.4 11.4 917.5 
SEM 3.0 5.5 0.2 9.8 5.2 9.8 0.2 17.8 4.1 7.2 0.3 7.6 
             
ED 265.3 366.7 11.0 841.5 267.7 427.0 10.2 930.6 244.0 435.3 10.9 918.6 
SKP 285.0 402.8 10.6 886.7 258.3 432.9 9.7 920.1 237.1 429.1 10.8 906.8 
SEM 3.0 5.5 0.2 9.8 5.2 9.8 0.2 17.8 4.1 7.2 0.3 7.6 
             
Carnitine <0.0001 0.0265 0.2909 0.0006 0.1499 0.6843 0.2008 0.7351 0.0013 0.0101 0.003 0.3742 
Feeding <0.0001 <0.0001 0.2266 0.0017 0.2085 0.6727 0.1065 0.6781 0.2455 0.5438 0.6507 0.2797 
Carn* 
Feeding 0.1476 0.6600 0.283 0.32 0.0885 0.5241 0.4628 0.2817 0.4943 0.0487 0.333 0.0489 
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Table 5. The fatty acid profile of egg contents from hens with or without supplemental L-carnitine and reared on either an everyday 
(ED) feeding regimen or a skip-a-day (SKP) feeding regimen.   
mg/g 26 wk 40 wk 65 wk 
 SFA MUFA PUFA Total FA SFA MUFA PUFA Total FA SFA MUFA PUFA Total FA 
CARN 55.1 252.1 100.3 565.0 50.9 255.1 97.0 553.2 52.7 275.1 76.6 561.7 
REG 52.0 257.3 100.8 555.9 51.7 237.4 100.6 538.2 51.1 255.0 92 552.6 
SEM 0.6 1.7 1.5 2.3 1.2 4.7 3.5 6.9 0.6 2.1 1.7 3.7 
             
ED 54.0 259.3 102.8 559.4 51.6 251.2 98.1 550.5 51.6 262.8 87.4 556.6 
SKP 53.0 250.1 98.3 561.4 51.1 241.4 99.5 540.8 52.2 267.3 81.2 557.6 
SEM 0.6 1.7 1.5 2.4 1.0 4.1 3.0 6.0 0.6 2.1 1.7 3.7 
             
Carn 0.0004 0.0002 0.7899 0.0056 0.5757 0.0027 0.3895 0.0704 0.0514 <0.0001 <0.0001 0.093 
Feeding 0.2207 0.0326 0.0378 0.5413 0.695 0.0485 0.6859 0.1736 0.5374 0.1352 0.0106 0.8575 
Carn* 
Feeding 0.7089 0.2974 0.7032 0.2947 0.414 0.0009 0.0029 0.2025 0.0666 0.1243 0.0002 0.4843 
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VIII. Conclusion 
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 The preceding experiments show that despite the advances in the genetics of poultry, 
several unintended consequences to the broiler breeder industry have resulted. In the first trial, 
results showed that 390 kcal and 22g CP were sufficient to optimize broiler breeder productivity. 
Protein utilization and nitrogen retention were most efficient at 22g CP intake. In the second 
trial, over 78% of dietary lysine was diverted towards egg formation, with the remaining being 
partitioned towards egg formation. However, the lysine in the egg was not solely of dietary 
origin. During early lay and at 45 wk, a majority of the lysine found in the egg yolk was from 
endogenous origins. Albumen was found to consist of primarily dietary lysine. No effect of 
energy and crude protein on portioning was determined. In the third trial, fractional degradation 
rates were found to increase during early lay and at 45 wk, but not at peak production. 
Expression of Fbox 32 protein, an indicator of ubiquination, was found to be elevated at the same 
periods degradation rates were found to be elevated. No changes to the proteasome and calpain 2 
were observed that would explain changes to degradation rates. In the final two studies, it was 
found that lowering NPP to 0.15% diminished the amount of bone that is mobilized in an attempt 
to spare the skeletal integrity. Egg production is nonetheless reduced when NPP lowered to 
0.15%. Finally, carnitine supplementation was found to increase the concentration of saturated 
and monounsaturated fatty acids in the egg and decrease the amount of polyunsaturated fatty 
acids in breeder abdominal fat. Evidence strongly suggests that body tissues play a crucial role in 
the egg formation process despite adequate nutrient intake. A reduction in crude protein intake 
and non-phytate phosphorus intake is recommended to optimize breeder performance and reduce 
the amount released into the environment.  
